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! DISCLAIMER !

Precise predictions are fundamental for correctly identifying non-resonant new 
physics effects, setting exclusion limits and fully characterize and understand 
both resonant and non-resonant new-physics dynamics.    

This talk is not about the ability 
of identifying resonances from 
new physics. 
!



Predictions at the LHC

Fig. 13: Bin-by-bin determination of for several different shape variables.

figure, parallel bands correspond to these three choices. The errors on the various point are experimental
errors. If we had a perfect QCD calculation, e.g. all orders in perturbation theory, and hadronization
corrections were truly negligible, we should expect all experimental point to lie (within errors) on a
constant line. If we only have a leading order calculation, we expect instead large differences among the
various points, that should become smaller and smaller as we include higher order corrections. In the
plot, of course, we can only represent the leading and next-to-leading result, since an calculation
has never been performed. It is quite striking to see how, by including the next-to-leading corrections,
the various determinations become much closer to each other. It is left to our fantasy to imagine what
would happen if we could include the effects. Table 3 summarizes the determinations of from
event shape variables.

5 PROCESSESWITH HADRONS IN THE INITIAL STATE
We will now turn to describe the application of perturbative QCD to processes in which hadrons are
present also in the initial state, like Deep-Inelastic Scattering (DIS), or the production of some objects
of high invariant mass in hadronic collisions. It turns out that cross sections for these processes can be
computed and related to each other. In general the cross section for the production of some final state
with high invariant mass (which could be made of a heavy weak vector boson, a lepton-antilepton pair,
heavy quarks, jets, and the like) will be expressed by the so called improved parton model formula

(83)

whose meaning is depicted in fig. 14.

25

Every prediction at the LHC starts form here:

PDFs Partonic cross sections 

- PDFs are fitted from experimental measurements, only the dependence on µ 
can be calculated in perturbation theory via DGLAP.  

- Partonic cross sections can be calculated in perturbation theory via Feynman 
diagrams.

Renormalization/factorization scale 
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Every prediction at the LHC starts form here:

PDFs Partonic cross sections 

- PDFs are fitted from experimental measurements, only the dependence on µ 
can be calculated in perturbation theory via DGLAP.  

- Partonic cross sections can be calculated in perturbation theory via Feynman 
diagrams.

Precise predictions at the LHC: for what? 
- More precise predictions for the total cross sections. (Total normalization) 
- More precise differential distributions. (Kinematic-dependent corrections) 
- Reduction of µ dependence. (Theoretical accuracy)

Methods/ 
Approximations

Renormalization/factorization scale 

Fixed orders , Resummation, RGE, Parton Shower, 
Matching, Merging …………..



Fixed Order calculations
In the SM, contributions to the partonic cross section can be organized according 
to the powers of       and      (number of loop corrections and real emissions).

2.4 Total cross sections from 8 to 100 TeV

In addition to the studies performed for the LHC at 13 TeV, in this subsection we discuss
and show results for the dependence of the total cross section on the energy of the proton–
proton collision. In figure 19 NLO QCD total cross sections are plotted from 8 to 100 TeV, as
bands including scale and PDF uncertainties. The corresponding numerical values are listed
in table 4. As usual, central values refers to µ = µg, and scale uncertainties are obtained
by varying independently µr and µf in the standard interval [µg/2 < µf , µr < 2µg].

In the left plot of figure 19 we show the results for tt̄V -type processes, whereas tt̄tt̄

production and tt̄V V -type processes results are displayed in the right plot. In both plots
we show in the first and in the second inset the dependence of the K-factors at µ = µg on
the energy. The first insets refer to processes with zero total-charge final states, whereas
the second insets refer to processes with charged final states. The very different qualitative
behaviors between the two classes of processes is due to the fact that the former include
already at LO an initial state with gluons, whereas the latter do not. The gluon appears
in the partonic initial states of charged processes only at NLO via the (anti)quark–gluon
channel. At small Bjorken-x’s, the gluon PDF grows much faster than the (anti)quark
PDF. Thus, increasing the energy of the collider, the relative corrections induced by the
(anti)quark–gluon initial states leads to the growth of the K-factors and dominates in their
energy dependence. Also, as can be seen in figure 19 and table 4, these processes present a
larger dependence on the scale variation than the uncharged processes. [Davide: what don’t
you like of the previous sentence Fabio? ]

The differences in the slopes of the curves in the main panels of the plots are also
mostly due to the gluon PDF. Charged processes do not originate from the gluon–gluon
initial state neither at LO nor at NLO. For this reason, their growth with the increasing of
the energy is smaller than for the uncharged processes. All these arguments point to the
fact that, at 100 TeV collider, it will be crucial to have NNLO QCD corrections for tt̄W±,
tt̄W±� and tt̄W±Z processes.

The fact that tt̄tt̄ production is the process with the rapidest growth is again due to
percentage content of gluon–gluon-initiated channels, which is higher than for all the other
processes. [Davide: Should we shows plots in figure 20? ]. From the left plot, it is easy
also to note that the scale uncertainty of tt̄tt̄ production is larger than for the tt̄V V -type
processes. In this case, the difference originates from the different powers of ↵s at LO; tt̄tt̄
production is of O(↵4

s) whereas tt̄V V -type processes are of O(↵2
s↵

2). [Davide: Additional
comments??? ]

↵ ↵s O(↵s) O(↵) O(↵2
s)

– 30 –

2.4 Total cross sections from 8 to 100 TeV

In addition to the studies performed for the LHC at 13 TeV, in this subsection we discuss
and show results for the dependence of the total cross section on the energy of the proton–
proton collision. In figure 19 NLO QCD total cross sections are plotted from 8 to 100 TeV, as
bands including scale and PDF uncertainties. The corresponding numerical values are listed
in table 4. As usual, central values refers to µ = µg, and scale uncertainties are obtained
by varying independently µr and µf in the standard interval [µg/2 < µf , µr < 2µg].

In the left plot of figure 19 we show the results for tt̄V -type processes, whereas tt̄tt̄

production and tt̄V V -type processes results are displayed in the right plot. In both plots
we show in the first and in the second inset the dependence of the K-factors at µ = µg on
the energy. The first insets refer to processes with zero total-charge final states, whereas
the second insets refer to processes with charged final states. The very different qualitative
behaviors between the two classes of processes is due to the fact that the former include
already at LO an initial state with gluons, whereas the latter do not. The gluon appears
in the partonic initial states of charged processes only at NLO via the (anti)quark–gluon
channel. At small Bjorken-x’s, the gluon PDF grows much faster than the (anti)quark
PDF. Thus, increasing the energy of the collider, the relative corrections induced by the
(anti)quark–gluon initial states leads to the growth of the K-factors and dominates in their
energy dependence. Also, as can be seen in figure 19 and table 4, these processes present a
larger dependence on the scale variation than the uncharged processes. [Davide: what don’t
you like of the previous sentence Fabio? ]

The differences in the slopes of the curves in the main panels of the plots are also
mostly due to the gluon PDF. Charged processes do not originate from the gluon–gluon
initial state neither at LO nor at NLO. For this reason, their growth with the increasing of
the energy is smaller than for the uncharged processes. All these arguments point to the
fact that, at 100 TeV collider, it will be crucial to have NNLO QCD corrections for tt̄W±,
tt̄W±� and tt̄W±Z processes.

The fact that tt̄tt̄ production is the process with the rapidest growth is again due to
percentage content of gluon–gluon-initiated channels, which is higher than for all the other
processes. [Davide: Should we shows plots in figure 20? ]. From the left plot, it is easy
also to note that the scale uncertainty of tt̄tt̄ production is larger than for the tt̄V V -type
processes. In this case, the difference originates from the different powers of ↵s at LO; tt̄tt̄
production is of O(↵4

s) whereas tt̄V V -type processes are of O(↵2
s↵

2). [Davide: Additional
comments??? ]

↵ ↵s O(↵s) O(↵) O(↵2
s)

– 30 –

2 Calculational basis

At leading order the production of tt̄ pairs in pp̄ collisions originates, via the strong interaction,
from the partonic processes qq̄ → tt̄ and gg → tt̄, which yield the O(α2

s) of the (integrated) cross
section, i.e. the denominator of AFB in (1) and (2). The antisymmetric cross section, the numerator
of AFB , starts at O(α3

s) and gets contributions from qq̄ → tt̄(g) with q = u, d (the processes from
other quark species, after convolution with the parton distributions and summation, are symmetric
under yt → −yt and thus do not contribute to AFB) as well as from qg → tt̄q and q̄g → tt̄q̄.

Writing the numerator and the denominator of AFB (for either of the definitions (1) and (2))
in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (5)

The terms up to one-loop (D0, D1, N1) have been calculated [9, 10, 11, 12, 13, 14], [15, 16, 17, 18],
[5], whereas only some parts of N2 are currently known [19, 20]. The inclusion of the N1D1/D0

term without N2 would hence be incomplete, and we have chosen to use only the lowest order cross
section in the denominator and the O(α3

s) term in the numerator, as done in [5].
Rewriting N and D to include the EW contributions yields the following expression for the

leading terms,

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (6)

where the incomplete O(α2
s) part has been dropped. In the following we (re-)evaluate the three

contributions on the r.h.s. of (6).
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Figure 1: Electroweak and QCD Born diagrams

Figure 1 contains all the tree level diagrams for the partonic subprocesses qq̄ → tt̄ and gg → tt̄
(Higgs exchange is completely negligible). The squared terms |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 yield

2

2 Theoretical prevision

Before starting the analysis of the non-vanishing partonic contributions to AFB , it’s worth noting
that the initial state pp̄ is basic to get:

App̄
FB = App̄

C =
σ(yt > 0)− σ(yt̄ > 0)

σ(yt > 0) + σ(yt̄ > 0)
(5a)

AFB ̸= 0 (5b)

Under a CP transformation a top quark with rapidity y becomes an antitop with asymmetry −y
so, assuming CP conserving interactions, (5a) is true thanks to the CP symmetric initial state.
Obviously also an Att̄

C charge asymmetry can be defined and Att̄
FB = Att̄

C .
In the case of pp collision the initial state is not only non-invariant under CP, it doesn’t exhibit a
preferred direction along the axis of the collision, so AFB it would be trivially equal to zero.
It is useful, for the analysis of AFB in the pp̄ case, to see in a more detailed way why (5b) is not true
in the pp collision. The hadronic collision is constituted by partonic subprocesses p1p2 → tt̄+X that
can be born with p1(p2) coming from the first(second) hadron H1(H2) or from H2(H1). Given a
kinematic configuration of p1p2 → tt̄+X , if it contributes to σ(yt > 0) in the H1(H2) configuration
it contributes with the same partonic weight also to σ(yt < 0) in the H2(H1) configuration. So the
total contribution to App̄

FB is non vanishing only if the weight coming from the parton distributions
is different, that is if:

fp1,H1
(x1)fp2,H2

(x2) ̸= fp1,H2
(x1)fp2,H1

(x2) (6)

where fpi,Hj
(xi) is the parton distribution of the parton pi in the hadron Hj . The same argument

applies also to Att̄
FB with or without cuts on Mtt̄ or ∆y .

At LHC H1 = H2 so AFB is equal to zero, at Tevatron (6) is not generally true but it can be used
to distinguish which subprocesses can give rise to contribution to AFB .
Now we can start to look at the partonic subprocesses that generate a tt̄ pair. At the Born order the
partonic processes are qq̄ → tt̄ and gg → tt̄ so, if we forget for a moment electroweak interactions,
the denominator in AFB (total cross section) is O(α2

s) at leading order. The numerator is instead
O(α3

s) at LO, indeed gg → tt̄ and qq̄ → tt̄ with q ̸= u, d are excluded by (6) and uū(dd̄) → tt̄
partonic cross section is symmetric under yt → −yt. The exclusion of gg → tt̄ and qq̄ → tt̄ with
q ̸= u, d doesn’t depend on the perturbative order, so thanks to (6) we can exclude these partonic
processes for the next calculations1.
Writing the numerator and the denominator of AFB in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (7)

The terms up to 1 loop have been already calculated (D0, D1, N1), instead only some parts of
N2 are known. The inclusion of the N1D1/D0 term without N2 could worsen the perturbative
approximation of the exact result, so we are allowed to use only the Born cross section in the
denominator and the O(α3

s) term in the numerator.
We can also rewrite N and D including EW corrections, and the leading contribution (excluding
the O(α2

s) terms) are

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (8)

1We know that there are PDFs with s(x) ̸= s̄(x), but the effect is negligible.

2

It’s useful to divide electroweak contribution into 
QED (photon) and weak (Z) part. 

QED QED can be easily obtained from QCD calculation and the substitution of one 
gluon into one photon in the squared amplitudes.
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Figure 4: Three different way of replacing one gluon with a photon in the propagator of the
interference of Fig. 2 and qq̄ → g → tt̄

averaging in the initial state we find that

|Mtt̄|
2

O(α2
sα),asym

|Mtt̄|
2

O(α3
s),asym

=
2Re

(

Mtt̄
O(α)M

tt̄ ∗
O(α2

s)

)

asym
+ 2Re

(

Mtt̄
O(αs)

Mtt̄ ∗
O(αsα)

)

asym

2Re
(

Mtt̄
O(αs)

Mtt̄ ∗
O(α2

s)

)

asym

=
F tt̄
QED(αs,α, Qt, Qq)

F tt̄
QCD(αs)

(10)
where F tt̄

QED and F tt̄
QCD don’t depend on external momenta and helicities. We reexamined the

calculations and we found that, in front of the QED part of the formula shown in [8], there should
be an overall factor three, which comes from the three different replacements of the gluon propagator
(Fig. 4). Following their argument we can identify the color structure and the couplings of QCD
(F tt̄

QCD) and QED (F tt̄
QED) cases, and obtain the ratio of them.

F tt̄
QCD =

g6s
9
δADδBF δECTr(t

AtBtC)
[1

2
Tr

(

tDtEtF
)

+
1

2
Tr

(

tDtF tE
)

]

=
g6s

16 · 9
d2 (11a)

F tt̄
QED = ntt̄

{g4se
2QqQt

9
δACδBDTr(tAtB)Tr(tCtD)

}

=
6g4se

2

9
QtQq (11b)

In F tt̄
QCD there are two different color structures and the result depends on d2 = dABCdABC = 40

3

that arises from Tr(tAtBtC) = 1
4 (if

ABC+dABC), F tt̄
QED instead depends on the charges of incoming

quarks (Qq) and top (Qt), ntt̄ = 3 due to the three cases shown in Fig. 4.
Also qq̄ → tt̄g and qq̄ → tt̄γ subprocess can be evaluated through the results obtained for qq̄ → tt̄g
in the QCD case and the substitution of a gluon with a photon.

|Mtt̄g|
2

O(α2
sα),asym

|Mtt̄g|
2

O(α3
s),asym

=
2Re

(

Mtt̄g
O(α

√
αs)

Mtt̄g ∗
O(αs

√
αs)

)

asym

∣

∣Mtt̄g
O(αs

√
αs)

∣

∣

2

asym

=
F tt̄g
QED(αs,α, Qt, Qq)

F tt̄g
QCD(αs)

(12)
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averaging in the initial state we find that

|Mtt̄|
2

O(α2
sα),asym

|Mtt̄|
2

O(α3
s),asym

=
2Re

(

Mtt̄
O(α)M

tt̄ ∗
O(α2

s)

)

asym
+ 2Re

(

Mtt̄
O(αs)

Mtt̄ ∗
O(αsα)

)

asym

2Re
(

Mtt̄
O(αs)

Mtt̄ ∗
O(α2

s)

)

asym

=
F tt̄
QED(αs,α, Qt, Qq)

F tt̄
QCD(αs)

(10)
where F tt̄

QED and F tt̄
QCD don’t depend on external momenta and helicities. We reexamined the

calculations and we found that, in front of the QED part of the formula shown in [8], there should
be an overall factor three, which comes from the three different replacements of the gluon propagator
(Fig. 4). Following their argument we can identify the color structure and the couplings of QCD
(F tt̄

QCD) and QED (F tt̄
QED) cases, and obtain the ratio of them.

F tt̄
QCD =

g6s
9
δADδBF δECTr(t

AtBtC)
[1

2
Tr

(

tDtEtF
)

+
1

2
Tr

(

tDtF tE
)

]

=
g6s

16 · 9
d2 (11a)

F tt̄
QED = ntt̄

{g4se
2QqQt

9
δACδBDTr(tAtB)Tr(tCtD)

}

=
6g4se

2

9
QtQq (11b)

In F tt̄
QCD there are two different color structures and the result depends on d2 = dABCdABC = 40

3

that arises from Tr(tAtBtC) = 1
4 (if

ABC+dABC), F tt̄
QED instead depends on the charges of incoming

quarks (Qq) and top (Qt), ntt̄ = 3 due to the three cases shown in Fig. 4.
Also qq̄ → tt̄g and qq̄ → tt̄γ subprocess can be evaluated through the results obtained for qq̄ → tt̄g
in the QCD case and the substitution of a gluon with a photon.

|Mtt̄g|
2

O(α2
sα),asym

|Mtt̄g|
2

O(α3
s),asym

=
2Re

(

Mtt̄g
O(α

√
αs)

Mtt̄g ∗
O(αs

√
αs)

)

asym

∣

∣Mtt̄g
O(αs

√
αs)

∣

∣

2

asym

=
F tt̄g
QED(αs,α, Qt, Qq)

F tt̄g
QCD(αs)

(12)

5

|Mtt̄γ |
2

O(α2
sα),asym

|Mtt̄g|
2

O(α3
s),asym

=

∣

∣Mtt̄γ

O(αs

√
α)

∣

∣

2

asym

∣

∣Mtt̄g
O(αs

√
αs)

∣

∣

2

asym

=
F tt̄γ
QED(αs,α, Qt, Qq)

F tt̄g
QCD(αs)

(13)

F tt̄g
QCD, F tt̄g

QED and F tt̄γ
QED are related to F tt̄

QCD, F tt̄
QED by simple equations.

F tt̄g
QCD = F tt̄

QCD F tt̄g
QED =

2

3
F tt̄
QED F tt̄γ

QED =
1

3
F tt̄
QED (14a)

F tt̄
QED = F tt̄g

QED + F tt̄γ
QED (14b)

The first equation in (14a) is trivial, we couldn’t get the cancellation of the infrared singularity
without it. The same arguments applies also to equation (14b) that underlines how infrared finite-
ness for QED corrections can be obtained only combining tt̄, tt̄g and tt̄γ final states.
The O(α2

sα) of qq̄ → tt̄g comes from the interference of qq̄ → g → tt̄g (Fig. 3) and qq̄ → γ → tt̄g
(Fig. 5). This terms can be obtained from the results calculated in the QCD case, with the replace-
ment of one gluonic propagator with a photonic one and the right couplings, as we did in the case of
qq̄ → tt̄. The only difference is the number of replaceable gluonic propagators in the interferences
term: in the qq̄ → tt̄g case they are only two and not three.
The O(α2

sα) of qq̄ → tt̄γ comes from the squared module of the sum of qq̄ → g → tt̄γ diagrams
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(Fig. 6), and again its value can be obtained by the QCD case of the different process qq̄ → tt̄g.
In this case the particle replaced in the amplitudes is not virtual but real, so there is a one-to-one
relation between diagrams involved in QCD and QED cases.
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Only couplings and color factor!
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for the emission of gluon with mass λ and Eg < ∆E. These soft gluon terms must include only the
interference of initial and final state gluon to cancel the IR-divergence of the box, anyway the price
we pay is a dependence on ∆E. In the case of the real emission of gluon only the interference of
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initial and final state radiation gives asymmetric term5, so demanding hard gluon with Eg > ∆E
and combining the result with soft gluon emission and loop correction, we finally obtain the total
effect of the O(α3

s) of the inclusive production of tt̄ induced by qq̄, independent of ∆E.
qg → tt̄q and q̄g → tt̄q̄ tree level diagram are the same of qq̄ → tt̄g with ingoing q̄(q) and outgoing
g crossed, so it’s easy to understand how asymmetric term can arise, but its contribution to AFB

is numerically negligible.

In order to analyze the O(α2
sα) it’s useful to divide QED corrections from the pure weak ones. In

the QED sector we obtain contributions to O(α2
sα) of N from three6 partonic processes: qq̄ → tt̄,

qq̄ → tt̄g and qq̄ → tt̄γ. If we start from the first case, we find that it can be calculated simply
substituting with a photon propagator one of the three gluon propagator that appears in the O(α3

s)
interference of boxes and tree level amplitudes.
The only differences between the calculation of O(α3

s) and of QED O(α2
sα) are the couplings and

the presence of SU(3) generators in the vertexes, so summing over color in the final state and

5These diagram are shown in Fig. 3, also a diagram with the trigluon vertex can be drawn, but it doesn’t give
any contribution to AFB

6Also γq → tt̄q and γq̄ → tt̄q̄ can contribute, but their contribution is negligible
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initial and final state radiation gives asymmetric term5, so demanding hard gluon with Eg > ∆E
and combining the result with soft gluon emission and loop correction, we finally obtain the total
effect of the O(α3

s) of the inclusive production of tt̄ induced by qq̄, independent of ∆E.
qg → tt̄q and q̄g → tt̄q̄ tree level diagram are the same of qq̄ → tt̄g with ingoing q̄(q) and outgoing
g crossed, so it’s easy to understand how asymmetric term can arise, but its contribution to AFB

is numerically negligible.

In order to analyze the O(α2
sα) it’s useful to divide QED corrections from the pure weak ones. In

the QED sector we obtain contributions to O(α2
sα) of N from three6 partonic processes: qq̄ → tt̄,

qq̄ → tt̄g and qq̄ → tt̄γ. If we start from the first case, we find that it can be calculated simply
substituting with a photon propagator one of the three gluon propagator that appears in the O(α3

s)
interference of boxes and tree level amplitudes.
The only differences between the calculation of O(α3

s) and of QED O(α2
sα) are the couplings and

the presence of SU(3) generators in the vertexes, so summing over color in the final state and

5These diagram are shown in Fig. 3, also a diagram with the trigluon vertex can be drawn, but it doesn’t give
any contribution to AFB

6Also γq → tt̄q and γq̄ → tt̄q̄ can contribute, but their contribution is negligible
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In this work we reevaluated all the contributions that are presented in in the last term of (8).
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Figure 1: Born diagrams

In Fig. 1 all the tree level diagrams of the subprocesses qq̄ → tt̄ and gg → tt̄ are shown2. From the
squared modules |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 we obtainD0 the LO cross section, from |Mqq̄→γ→tt̄+

Mqq̄→Z→tt̄|
2 instead we get the O(α2) term of the numerator of AFB. Indeed the cross section

obtained by s-channel γ, Z amplitudes contains a term (9) that contributes to AFB thanks to the
different couplings of Z with different chiralities.

dσasym

d cos θ
= 2πα2 cos θ

(

1−
4m2

t

s

)[

κ
QqQtAqAt

(s−M2
Z)

+ 2κ2AqAtVqVt
s

(s−M2
Z)

2

]

(9)

κ =
1

4 sin2(θW ) cos2(θW )
Vq = T 3

q − 2Qq sin
2(θW ) Aq = T 3

q

The interference of qq̄ → γ, Z → tt̄ and qq̄ → g → tt̄ is zero because the color structure, so we don’t
have O(αsα) terms3 in N and D.

The O(α3
s) terms that contributes to N come from four partonic processes: qq̄ → tt̄, qq̄ → tt̄g,

qg → tt̄q and q̄g → tt̄q̄. In the first case these corrections comes from the interference of the 1-loop
corrections of QCD and the Born amplitude, in the other ones simply from the tree level amplitude.
All the vertex and self-energies 1-loop correction don’t generate any asymmetric term, so only the
boxes are relevant for our purpose (Fig. 2). Box integrals don’t produce ultraviolet and collinear
divergences, only infrared singularities can arise. After regularization through a mass term λ for
the gluon4, the dependence of the result on λ can be cancelled adding soft gluon terms that account

2Higgs s-channel is completely negligible
3qq̄ → tt̄ presents O(α) W mediated t-channel diagrams leading to non-vanishing contribution to the O(αsα) of

N (with q = d) and D (with q = d, s, b). Unfortunately, this term are strongly suppressed by CKM matrix (with
q = d, s) or by parton distributions (with q = b).

4We don’t have trigluon vertex, so we don’t break the gauge symmetry

3

#(QED  diagrams)
=

3 #(QCD  diagrams)

2 Theoretical prevision

Before starting the analysis of the non-vanishing partonic contributions to AFB , it’s worth noting
that the initial state pp̄ is basic to get:

App̄
FB = App̄

C =
σ(yt > 0)− σ(yt̄ > 0)

σ(yt > 0) + σ(yt̄ > 0)
(5a)

AFB ̸= 0 (5b)

Under a CP transformation a top quark with rapidity y becomes an antitop with asymmetry −y
so, assuming CP conserving interactions, (5a) is true thanks to the CP symmetric initial state.
Obviously also an Att̄

C charge asymmetry can be defined and Att̄
FB = Att̄

C .
In the case of pp collision the initial state is not only non-invariant under CP, it doesn’t exhibit a
preferred direction along the axis of the collision, so AFB it would be trivially equal to zero.
It is useful, for the analysis of AFB in the pp̄ case, to see in a more detailed way why (5b) is not true
in the pp collision. The hadronic collision is constituted by partonic subprocesses p1p2 → tt̄+X that
can be born with p1(p2) coming from the first(second) hadron H1(H2) or from H2(H1). Given a
kinematic configuration of p1p2 → tt̄+X , if it contributes to σ(yt > 0) in the H1(H2) configuration
it contributes with the same partonic weight also to σ(yt < 0) in the H2(H1) configuration. So the
total contribution to App̄

FB is non vanishing only if the weight coming from the parton distributions
is different, that is if:

fp1,H1
(x1)fp2,H2

(x2) ̸= fp1,H2
(x1)fp2,H1

(x2) (6)

where fpi,Hj
(xi) is the parton distribution of the parton pi in the hadron Hj . The same argument

applies also to Att̄
FB with or without cuts on Mtt̄ or ∆y .

At LHC H1 = H2 so AFB is equal to zero, at Tevatron (6) is not generally true but it can be used
to distinguish which subprocesses can give rise to contribution to AFB .
Now we can start to look at the partonic subprocesses that generate a tt̄ pair. At the Born order the
partonic processes are qq̄ → tt̄ and gg → tt̄ so, if we forget for a moment electroweak interactions,
the denominator in AFB (total cross section) is O(α2

s) at leading order. The numerator is instead
O(α3

s) at LO, indeed gg → tt̄ and qq̄ → tt̄ with q ̸= u, d are excluded by (6) and uū(dd̄) → tt̄
partonic cross section is symmetric under yt → −yt. The exclusion of gg → tt̄ and qq̄ → tt̄ with
q ̸= u, d doesn’t depend on the perturbative order, so thanks to (6) we can exclude these partonic
processes for the next calculations1.
Writing the numerator and the denominator of AFB in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (7)

The terms up to 1 loop have been already calculated (D0, D1, N1), instead only some parts of
N2 are known. The inclusion of the N1D1/D0 term without N2 could worsen the perturbative
approximation of the exact result, so we are allowed to use only the Born cross section in the
denominator and the O(α3

s) term in the numerator.
We can also rewrite N and D including EW corrections, and the leading contribution (excluding
the O(α2

s) terms) are

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (8)

1We know that there are PDFs with s(x) ̸= s̄(x), but the effect is negligible.

2

It’s useful to divide electroweak contribution into 
QED (photon) and weak (Z) part. 

QED QED can be easily obtained from QCD calculation and the substitution of one 
gluon into one photon in the squared amplitudes.
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averaging in the initial state we find that

|Mtt̄|
2

O(α2
sα),asym

|Mtt̄|
2

O(α3
s),asym

=
2Re

(

Mtt̄
O(α)M

tt̄ ∗
O(α2

s)

)

asym
+ 2Re

(

Mtt̄
O(αs)

Mtt̄ ∗
O(αsα)

)

asym

2Re
(

Mtt̄
O(αs)

Mtt̄ ∗
O(α2

s)

)

asym

=
F tt̄
QED(αs,α, Qt, Qq)

F tt̄
QCD(αs)

(10)
where F tt̄

QED and F tt̄
QCD don’t depend on external momenta and helicities. We reexamined the

calculations and we found that, in front of the QED part of the formula shown in [8], there should
be an overall factor three, which comes from the three different replacements of the gluon propagator
(Fig. 4). Following their argument we can identify the color structure and the couplings of QCD
(F tt̄

QCD) and QED (F tt̄
QED) cases, and obtain the ratio of them.

F tt̄
QCD =

g6s
9
δADδBF δECTr(t

AtBtC)
[1

2
Tr

(

tDtEtF
)

+
1

2
Tr

(

tDtF tE
)

]

=
g6s

16 · 9
d2 (11a)

F tt̄
QED = ntt̄

{g4se
2QqQt

9
δACδBDTr(tAtB)Tr(tCtD)

}

=
6g4se

2

9
QtQq (11b)

In F tt̄
QCD there are two different color structures and the result depends on d2 = dABCdABC = 40

3

that arises from Tr(tAtBtC) = 1
4 (if

ABC+dABC), F tt̄
QED instead depends on the charges of incoming

quarks (Qq) and top (Qt), ntt̄ = 3 due to the three cases shown in Fig. 4.
Also qq̄ → tt̄g and qq̄ → tt̄γ subprocess can be evaluated through the results obtained for qq̄ → tt̄g
in the QCD case and the substitution of a gluon with a photon.

|Mtt̄g|
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sα),asym

|Mtt̄g|
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s),asym

=
2Re

(
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√
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√
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)
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∣
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∣

∣
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averaging in the initial state we find that
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=
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where F tt̄

QED and F tt̄
QCD don’t depend on external momenta and helicities. We reexamined the

calculations and we found that, in front of the QED part of the formula shown in [8], there should
be an overall factor three, which comes from the three different replacements of the gluon propagator
(Fig. 4). Following their argument we can identify the color structure and the couplings of QCD
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In F tt̄
QCD there are two different color structures and the result depends on d2 = dABCdABC = 40

3

that arises from Tr(tAtBtC) = 1
4 (if

ABC+dABC), F tt̄
QED instead depends on the charges of incoming

quarks (Qq) and top (Qt), ntt̄ = 3 due to the three cases shown in Fig. 4.
Also qq̄ → tt̄g and qq̄ → tt̄γ subprocess can be evaluated through the results obtained for qq̄ → tt̄g
in the QCD case and the substitution of a gluon with a photon.
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F tt̄g
QCD, F tt̄g

QED and F tt̄γ
QED are related to F tt̄

QCD, F tt̄
QED by simple equations.

F tt̄g
QCD = F tt̄

QCD F tt̄g
QED =

2

3
F tt̄
QED F tt̄γ

QED =
1

3
F tt̄
QED (14a)

F tt̄
QED = F tt̄g

QED + F tt̄γ
QED (14b)

The first equation in (14a) is trivial, we couldn’t get the cancellation of the infrared singularity
without it. The same arguments applies also to equation (14b) that underlines how infrared finite-
ness for QED corrections can be obtained only combining tt̄, tt̄g and tt̄γ final states.
The O(α2

sα) of qq̄ → tt̄g comes from the interference of qq̄ → g → tt̄g (Fig. 3) and qq̄ → γ → tt̄g
(Fig. 5). This terms can be obtained from the results calculated in the QCD case, with the replace-
ment of one gluonic propagator with a photonic one and the right couplings, as we did in the case of
qq̄ → tt̄. The only difference is the number of replaceable gluonic propagators in the interferences
term: in the qq̄ → tt̄g case they are only two and not three.
The O(α2

sα) of qq̄ → tt̄γ comes from the squared module of the sum of qq̄ → g → tt̄γ diagrams

q

q

t

t

g
γ

t q

q

t

t
g

γ

t

q

q

t

t

g

q

γ q

q

t
t

g
q

γ

Figure 5: Real emissions of gluon: photon in the propagator

(Fig. 6), and again its value can be obtained by the QCD case of the different process qq̄ → tt̄g.
In this case the particle replaced in the amplitudes is not virtual but real, so there is a one-to-one
relation between diagrams involved in QCD and QED cases.
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Only couplings and color factor!
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for the emission of gluon with mass λ and Eg < ∆E. These soft gluon terms must include only the
interference of initial and final state gluon to cancel the IR-divergence of the box, anyway the price
we pay is a dependence on ∆E. In the case of the real emission of gluon only the interference of
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initial and final state radiation gives asymmetric term5, so demanding hard gluon with Eg > ∆E
and combining the result with soft gluon emission and loop correction, we finally obtain the total
effect of the O(α3

s) of the inclusive production of tt̄ induced by qq̄, independent of ∆E.
qg → tt̄q and q̄g → tt̄q̄ tree level diagram are the same of qq̄ → tt̄g with ingoing q̄(q) and outgoing
g crossed, so it’s easy to understand how asymmetric term can arise, but its contribution to AFB

is numerically negligible.

In order to analyze the O(α2
sα) it’s useful to divide QED corrections from the pure weak ones. In

the QED sector we obtain contributions to O(α2
sα) of N from three6 partonic processes: qq̄ → tt̄,

qq̄ → tt̄g and qq̄ → tt̄γ. If we start from the first case, we find that it can be calculated simply
substituting with a photon propagator one of the three gluon propagator that appears in the O(α3

s)
interference of boxes and tree level amplitudes.
The only differences between the calculation of O(α3

s) and of QED O(α2
sα) are the couplings and

the presence of SU(3) generators in the vertexes, so summing over color in the final state and

5These diagram are shown in Fig. 3, also a diagram with the trigluon vertex can be drawn, but it doesn’t give
any contribution to AFB

6Also γq → tt̄q and γq̄ → tt̄q̄ can contribute, but their contribution is negligible
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In this work we reevaluated all the contributions that are presented in in the last term of (8).
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Figure 1: Born diagrams

In Fig. 1 all the tree level diagrams of the subprocesses qq̄ → tt̄ and gg → tt̄ are shown2. From the
squared modules |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 we obtainD0 the LO cross section, from |Mqq̄→γ→tt̄+

Mqq̄→Z→tt̄|
2 instead we get the O(α2) term of the numerator of AFB. Indeed the cross section

obtained by s-channel γ, Z amplitudes contains a term (9) that contributes to AFB thanks to the
different couplings of Z with different chiralities.

dσasym

d cos θ
= 2πα2 cos θ

(

1−
4m2

t

s

)[

κ
QqQtAqAt

(s−M2
Z)

+ 2κ2AqAtVqVt
s

(s−M2
Z)

2

]

(9)

κ =
1

4 sin2(θW ) cos2(θW )
Vq = T 3

q − 2Qq sin
2(θW ) Aq = T 3

q

The interference of qq̄ → γ, Z → tt̄ and qq̄ → g → tt̄ is zero because the color structure, so we don’t
have O(αsα) terms3 in N and D.

The O(α3
s) terms that contributes to N come from four partonic processes: qq̄ → tt̄, qq̄ → tt̄g,

qg → tt̄q and q̄g → tt̄q̄. In the first case these corrections comes from the interference of the 1-loop
corrections of QCD and the Born amplitude, in the other ones simply from the tree level amplitude.
All the vertex and self-energies 1-loop correction don’t generate any asymmetric term, so only the
boxes are relevant for our purpose (Fig. 2). Box integrals don’t produce ultraviolet and collinear
divergences, only infrared singularities can arise. After regularization through a mass term λ for
the gluon4, the dependence of the result on λ can be cancelled adding soft gluon terms that account

2Higgs s-channel is completely negligible
3qq̄ → tt̄ presents O(α) W mediated t-channel diagrams leading to non-vanishing contribution to the O(αsα) of

N (with q = d) and D (with q = d, s, b). Unfortunately, this term are strongly suppressed by CKM matrix (with
q = d, s) or by parton distributions (with q = b).

4We don’t have trigluon vertex, so we don’t break the gauge symmetry

3

#(QED  diagrams)
=

3 #(QCD  diagrams)

2 Theoretical prevision

Before starting the analysis of the non-vanishing partonic contributions to AFB , it’s worth noting
that the initial state pp̄ is basic to get:

App̄
FB = App̄

C =
σ(yt > 0)− σ(yt̄ > 0)

σ(yt > 0) + σ(yt̄ > 0)
(5a)

AFB ̸= 0 (5b)

Under a CP transformation a top quark with rapidity y becomes an antitop with asymmetry −y
so, assuming CP conserving interactions, (5a) is true thanks to the CP symmetric initial state.
Obviously also an Att̄

C charge asymmetry can be defined and Att̄
FB = Att̄

C .
In the case of pp collision the initial state is not only non-invariant under CP, it doesn’t exhibit a
preferred direction along the axis of the collision, so AFB it would be trivially equal to zero.
It is useful, for the analysis of AFB in the pp̄ case, to see in a more detailed way why (5b) is not true
in the pp collision. The hadronic collision is constituted by partonic subprocesses p1p2 → tt̄+X that
can be born with p1(p2) coming from the first(second) hadron H1(H2) or from H2(H1). Given a
kinematic configuration of p1p2 → tt̄+X , if it contributes to σ(yt > 0) in the H1(H2) configuration
it contributes with the same partonic weight also to σ(yt < 0) in the H2(H1) configuration. So the
total contribution to App̄

FB is non vanishing only if the weight coming from the parton distributions
is different, that is if:

fp1,H1
(x1)fp2,H2

(x2) ̸= fp1,H2
(x1)fp2,H1

(x2) (6)

where fpi,Hj
(xi) is the parton distribution of the parton pi in the hadron Hj . The same argument

applies also to Att̄
FB with or without cuts on Mtt̄ or ∆y .

At LHC H1 = H2 so AFB is equal to zero, at Tevatron (6) is not generally true but it can be used
to distinguish which subprocesses can give rise to contribution to AFB .
Now we can start to look at the partonic subprocesses that generate a tt̄ pair. At the Born order the
partonic processes are qq̄ → tt̄ and gg → tt̄ so, if we forget for a moment electroweak interactions,
the denominator in AFB (total cross section) is O(α2

s) at leading order. The numerator is instead
O(α3

s) at LO, indeed gg → tt̄ and qq̄ → tt̄ with q ̸= u, d are excluded by (6) and uū(dd̄) → tt̄
partonic cross section is symmetric under yt → −yt. The exclusion of gg → tt̄ and qq̄ → tt̄ with
q ̸= u, d doesn’t depend on the perturbative order, so thanks to (6) we can exclude these partonic
processes for the next calculations1.
Writing the numerator and the denominator of AFB in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (7)

The terms up to 1 loop have been already calculated (D0, D1, N1), instead only some parts of
N2 are known. The inclusion of the N1D1/D0 term without N2 could worsen the perturbative
approximation of the exact result, so we are allowed to use only the Born cross section in the
denominator and the O(α3

s) term in the numerator.
We can also rewrite N and D including EW corrections, and the leading contribution (excluding
the O(α2

s) terms) are

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+ α

Ñ1

D0
+
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calculations and we found that, in front of the QED part of the formula shown in [8], there should
be an overall factor three, which comes from the three different replacements of the gluon propagator
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quarks (Qq) and top (Qt), ntt̄ = 3 due to the three cases shown in Fig. 4.
Also qq̄ → tt̄g and qq̄ → tt̄γ subprocess can be evaluated through the results obtained for qq̄ → tt̄g
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QED by simple equations.
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The first equation in (14a) is trivial, we couldn’t get the cancellation of the infrared singularity
without it. The same arguments applies also to equation (14b) that underlines how infrared finite-
ness for QED corrections can be obtained only combining tt̄, tt̄g and tt̄γ final states.
The O(α2

sα) of qq̄ → tt̄g comes from the interference of qq̄ → g → tt̄g (Fig. 3) and qq̄ → γ → tt̄g
(Fig. 5). This terms can be obtained from the results calculated in the QCD case, with the replace-
ment of one gluonic propagator with a photonic one and the right couplings, as we did in the case of
qq̄ → tt̄. The only difference is the number of replaceable gluonic propagators in the interferences
term: in the qq̄ → tt̄g case they are only two and not three.
The O(α2

sα) of qq̄ → tt̄γ comes from the squared module of the sum of qq̄ → g → tt̄γ diagrams
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(Fig. 6), and again its value can be obtained by the QCD case of the different process qq̄ → tt̄g.
In this case the particle replaced in the amplitudes is not virtual but real, so there is a one-to-one
relation between diagrams involved in QCD and QED cases.
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for the emission of gluon with mass λ and Eg < ∆E. These soft gluon terms must include only the
interference of initial and final state gluon to cancel the IR-divergence of the box, anyway the price
we pay is a dependence on ∆E. In the case of the real emission of gluon only the interference of
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initial and final state radiation gives asymmetric term5, so demanding hard gluon with Eg > ∆E
and combining the result with soft gluon emission and loop correction, we finally obtain the total
effect of the O(α3

s) of the inclusive production of tt̄ induced by qq̄, independent of ∆E.
qg → tt̄q and q̄g → tt̄q̄ tree level diagram are the same of qq̄ → tt̄g with ingoing q̄(q) and outgoing
g crossed, so it’s easy to understand how asymmetric term can arise, but its contribution to AFB

is numerically negligible.

In order to analyze the O(α2
sα) it’s useful to divide QED corrections from the pure weak ones. In

the QED sector we obtain contributions to O(α2
sα) of N from three6 partonic processes: qq̄ → tt̄,

qq̄ → tt̄g and qq̄ → tt̄γ. If we start from the first case, we find that it can be calculated simply
substituting with a photon propagator one of the three gluon propagator that appears in the O(α3

s)
interference of boxes and tree level amplitudes.
The only differences between the calculation of O(α3

s) and of QED O(α2
sα) are the couplings and

the presence of SU(3) generators in the vertexes, so summing over color in the final state and

5These diagram are shown in Fig. 3, also a diagram with the trigluon vertex can be drawn, but it doesn’t give
any contribution to AFB

6Also γq → tt̄q and γq̄ → tt̄q̄ can contribute, but their contribution is negligible
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In this work we reevaluated all the contributions that are presented in in the last term of (8).
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In Fig. 1 all the tree level diagrams of the subprocesses qq̄ → tt̄ and gg → tt̄ are shown2. From the
squared modules |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 we obtainD0 the LO cross section, from |Mqq̄→γ→tt̄+

Mqq̄→Z→tt̄|
2 instead we get the O(α2) term of the numerator of AFB. Indeed the cross section

obtained by s-channel γ, Z amplitudes contains a term (9) that contributes to AFB thanks to the
different couplings of Z with different chiralities.

dσasym

d cos θ
= 2πα2 cos θ

(

1−
4m2

t

s

)[

κ
QqQtAqAt

(s−M2
Z)

+ 2κ2AqAtVqVt
s

(s−M2
Z)

2

]

(9)

κ =
1

4 sin2(θW ) cos2(θW )
Vq = T 3

q − 2Qq sin
2(θW ) Aq = T 3

q

The interference of qq̄ → γ, Z → tt̄ and qq̄ → g → tt̄ is zero because the color structure, so we don’t
have O(αsα) terms3 in N and D.

The O(α3
s) terms that contributes to N come from four partonic processes: qq̄ → tt̄, qq̄ → tt̄g,

qg → tt̄q and q̄g → tt̄q̄. In the first case these corrections comes from the interference of the 1-loop
corrections of QCD and the Born amplitude, in the other ones simply from the tree level amplitude.
All the vertex and self-energies 1-loop correction don’t generate any asymmetric term, so only the
boxes are relevant for our purpose (Fig. 2). Box integrals don’t produce ultraviolet and collinear
divergences, only infrared singularities can arise. After regularization through a mass term λ for
the gluon4, the dependence of the result on λ can be cancelled adding soft gluon terms that account

2Higgs s-channel is completely negligible
3qq̄ → tt̄ presents O(α) W mediated t-channel diagrams leading to non-vanishing contribution to the O(αsα) of

N (with q = d) and D (with q = d, s, b). Unfortunately, this term are strongly suppressed by CKM matrix (with
q = d, s) or by parton distributions (with q = b).

4We don’t have trigluon vertex, so we don’t break the gauge symmetry

3

#(QED  diagrams)
=

3 #(QCD  diagrams)

2 Theoretical prevision

Before starting the analysis of the non-vanishing partonic contributions to AFB , it’s worth noting
that the initial state pp̄ is basic to get:

App̄
FB = App̄

C =
σ(yt > 0)− σ(yt̄ > 0)

σ(yt > 0) + σ(yt̄ > 0)
(5a)

AFB ̸= 0 (5b)

Under a CP transformation a top quark with rapidity y becomes an antitop with asymmetry −y
so, assuming CP conserving interactions, (5a) is true thanks to the CP symmetric initial state.
Obviously also an Att̄

C charge asymmetry can be defined and Att̄
FB = Att̄

C .
In the case of pp collision the initial state is not only non-invariant under CP, it doesn’t exhibit a
preferred direction along the axis of the collision, so AFB it would be trivially equal to zero.
It is useful, for the analysis of AFB in the pp̄ case, to see in a more detailed way why (5b) is not true
in the pp collision. The hadronic collision is constituted by partonic subprocesses p1p2 → tt̄+X that
can be born with p1(p2) coming from the first(second) hadron H1(H2) or from H2(H1). Given a
kinematic configuration of p1p2 → tt̄+X , if it contributes to σ(yt > 0) in the H1(H2) configuration
it contributes with the same partonic weight also to σ(yt < 0) in the H2(H1) configuration. So the
total contribution to App̄

FB is non vanishing only if the weight coming from the parton distributions
is different, that is if:

fp1,H1
(x1)fp2,H2

(x2) ̸= fp1,H2
(x1)fp2,H1

(x2) (6)

where fpi,Hj
(xi) is the parton distribution of the parton pi in the hadron Hj . The same argument

applies also to Att̄
FB with or without cuts on Mtt̄ or ∆y .

At LHC H1 = H2 so AFB is equal to zero, at Tevatron (6) is not generally true but it can be used
to distinguish which subprocesses can give rise to contribution to AFB .
Now we can start to look at the partonic subprocesses that generate a tt̄ pair. At the Born order the
partonic processes are qq̄ → tt̄ and gg → tt̄ so, if we forget for a moment electroweak interactions,
the denominator in AFB (total cross section) is O(α2

s) at leading order. The numerator is instead
O(α3

s) at LO, indeed gg → tt̄ and qq̄ → tt̄ with q ̸= u, d are excluded by (6) and uū(dd̄) → tt̄
partonic cross section is symmetric under yt → −yt. The exclusion of gg → tt̄ and qq̄ → tt̄ with
q ̸= u, d doesn’t depend on the perturbative order, so thanks to (6) we can exclude these partonic
processes for the next calculations1.
Writing the numerator and the denominator of AFB in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (7)

The terms up to 1 loop have been already calculated (D0, D1, N1), instead only some parts of
N2 are known. The inclusion of the N1D1/D0 term without N2 could worsen the perturbative
approximation of the exact result, so we are allowed to use only the Born cross section in the
denominator and the O(α3

s) term in the numerator.
We can also rewrite N and D including EW corrections, and the leading contribution (excluding
the O(α2

s) terms) are

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (8)

1We know that there are PDFs with s(x) ̸= s̄(x), but the effect is negligible.

2

It’s useful to divide electroweak contribution into 
QED (photon) and weak (Z) part. 

QED QED can be easily obtained from QCD calculation and the substitution of one 
gluon into one photon in the squared amplitudes.
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Figure 4: Three different way of replacing one gluon with a photon in the propagator of the
interference of Fig. 2 and qq̄ → g → tt̄

averaging in the initial state we find that

|Mtt̄|
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sα),asym

|Mtt̄|
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2Re
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O(α)M
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)
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2Re
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O(α2

s)

)

asym

=
F tt̄
QED(αs,α, Qt, Qq)

F tt̄
QCD(αs)

(10)
where F tt̄

QED and F tt̄
QCD don’t depend on external momenta and helicities. We reexamined the

calculations and we found that, in front of the QED part of the formula shown in [8], there should
be an overall factor three, which comes from the three different replacements of the gluon propagator
(Fig. 4). Following their argument we can identify the color structure and the couplings of QCD
(F tt̄

QCD) and QED (F tt̄
QED) cases, and obtain the ratio of them.

F tt̄
QCD =

g6s
9
δADδBF δECTr(t

AtBtC)
[1

2
Tr

(

tDtEtF
)

+
1

2
Tr

(

tDtF tE
)

]

=
g6s

16 · 9
d2 (11a)

F tt̄
QED = ntt̄

{g4se
2QqQt

9
δACδBDTr(tAtB)Tr(tCtD)

}

=
6g4se

2

9
QtQq (11b)

In F tt̄
QCD there are two different color structures and the result depends on d2 = dABCdABC = 40

3

that arises from Tr(tAtBtC) = 1
4 (if

ABC+dABC), F tt̄
QED instead depends on the charges of incoming

quarks (Qq) and top (Qt), ntt̄ = 3 due to the three cases shown in Fig. 4.
Also qq̄ → tt̄g and qq̄ → tt̄γ subprocess can be evaluated through the results obtained for qq̄ → tt̄g
in the QCD case and the substitution of a gluon with a photon.
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F tt̄g
QCD, F tt̄g

QED and F tt̄γ
QED are related to F tt̄

QCD, F tt̄
QED by simple equations.

F tt̄g
QCD = F tt̄

QCD F tt̄g
QED =

2

3
F tt̄
QED F tt̄γ

QED =
1

3
F tt̄
QED (14a)

F tt̄
QED = F tt̄g

QED + F tt̄γ
QED (14b)

The first equation in (14a) is trivial, we couldn’t get the cancellation of the infrared singularity
without it. The same arguments applies also to equation (14b) that underlines how infrared finite-
ness for QED corrections can be obtained only combining tt̄, tt̄g and tt̄γ final states.
The O(α2

sα) of qq̄ → tt̄g comes from the interference of qq̄ → g → tt̄g (Fig. 3) and qq̄ → γ → tt̄g
(Fig. 5). This terms can be obtained from the results calculated in the QCD case, with the replace-
ment of one gluonic propagator with a photonic one and the right couplings, as we did in the case of
qq̄ → tt̄. The only difference is the number of replaceable gluonic propagators in the interferences
term: in the qq̄ → tt̄g case they are only two and not three.
The O(α2

sα) of qq̄ → tt̄γ comes from the squared module of the sum of qq̄ → g → tt̄γ diagrams
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(Fig. 6), and again its value can be obtained by the QCD case of the different process qq̄ → tt̄g.
In this case the particle replaced in the amplitudes is not virtual but real, so there is a one-to-one
relation between diagrams involved in QCD and QED cases.
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for the emission of gluon with mass λ and Eg < ∆E. These soft gluon terms must include only the
interference of initial and final state gluon to cancel the IR-divergence of the box, anyway the price
we pay is a dependence on ∆E. In the case of the real emission of gluon only the interference of
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initial and final state radiation gives asymmetric term5, so demanding hard gluon with Eg > ∆E
and combining the result with soft gluon emission and loop correction, we finally obtain the total
effect of the O(α3

s) of the inclusive production of tt̄ induced by qq̄, independent of ∆E.
qg → tt̄q and q̄g → tt̄q̄ tree level diagram are the same of qq̄ → tt̄g with ingoing q̄(q) and outgoing
g crossed, so it’s easy to understand how asymmetric term can arise, but its contribution to AFB

is numerically negligible.

In order to analyze the O(α2
sα) it’s useful to divide QED corrections from the pure weak ones. In

the QED sector we obtain contributions to O(α2
sα) of N from three6 partonic processes: qq̄ → tt̄,

qq̄ → tt̄g and qq̄ → tt̄γ. If we start from the first case, we find that it can be calculated simply
substituting with a photon propagator one of the three gluon propagator that appears in the O(α3

s)
interference of boxes and tree level amplitudes.
The only differences between the calculation of O(α3

s) and of QED O(α2
sα) are the couplings and

the presence of SU(3) generators in the vertexes, so summing over color in the final state and

5These diagram are shown in Fig. 3, also a diagram with the trigluon vertex can be drawn, but it doesn’t give
any contribution to AFB

6Also γq → tt̄q and γq̄ → tt̄q̄ can contribute, but their contribution is negligible
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In this work we reevaluated all the contributions that are presented in in the last term of (8).
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In Fig. 1 all the tree level diagrams of the subprocesses qq̄ → tt̄ and gg → tt̄ are shown2. From the
squared modules |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 we obtainD0 the LO cross section, from |Mqq̄→γ→tt̄+

Mqq̄→Z→tt̄|
2 instead we get the O(α2) term of the numerator of AFB. Indeed the cross section

obtained by s-channel γ, Z amplitudes contains a term (9) that contributes to AFB thanks to the
different couplings of Z with different chiralities.

dσasym

d cos θ
= 2πα2 cos θ

(

1−
4m2

t

s

)[

κ
QqQtAqAt

(s−M2
Z)

+ 2κ2AqAtVqVt
s

(s−M2
Z)

2

]

(9)

κ =
1

4 sin2(θW ) cos2(θW )
Vq = T 3

q − 2Qq sin
2(θW ) Aq = T 3

q

The interference of qq̄ → γ, Z → tt̄ and qq̄ → g → tt̄ is zero because the color structure, so we don’t
have O(αsα) terms3 in N and D.

The O(α3
s) terms that contributes to N come from four partonic processes: qq̄ → tt̄, qq̄ → tt̄g,

qg → tt̄q and q̄g → tt̄q̄. In the first case these corrections comes from the interference of the 1-loop
corrections of QCD and the Born amplitude, in the other ones simply from the tree level amplitude.
All the vertex and self-energies 1-loop correction don’t generate any asymmetric term, so only the
boxes are relevant for our purpose (Fig. 2). Box integrals don’t produce ultraviolet and collinear
divergences, only infrared singularities can arise. After regularization through a mass term λ for
the gluon4, the dependence of the result on λ can be cancelled adding soft gluon terms that account

2Higgs s-channel is completely negligible
3qq̄ → tt̄ presents O(α) W mediated t-channel diagrams leading to non-vanishing contribution to the O(αsα) of

N (with q = d) and D (with q = d, s, b). Unfortunately, this term are strongly suppressed by CKM matrix (with
q = d, s) or by parton distributions (with q = b).

4We don’t have trigluon vertex, so we don’t break the gauge symmetry

3

#(QED  diagrams)
=

3 #(QCD  diagrams)
Born LO NLO QCD 

     corrections 
NLO EW 

      corrections 

NNLO QCD 
     corrections 

2.4 Total cross sections from 8 to 100 TeV

In addition to the studies performed for the LHC at 13 TeV, in this subsection we discuss
and show results for the dependence of the total cross section on the energy of the proton–
proton collision. In figure 19 NLO QCD total cross sections are plotted from 8 to 100 TeV, as
bands including scale and PDF uncertainties. The corresponding numerical values are listed
in table 4. As usual, central values refers to µ = µg, and scale uncertainties are obtained
by varying independently µr and µf in the standard interval [µg/2 < µf , µr < 2µg].

In the left plot of figure 19 we show the results for tt̄V -type processes, whereas tt̄tt̄

production and tt̄V V -type processes results are displayed in the right plot. In both plots
we show in the first and in the second inset the dependence of the K-factors at µ = µg on
the energy. The first insets refer to processes with zero total-charge final states, whereas
the second insets refer to processes with charged final states. The very different qualitative
behaviors between the two classes of processes is due to the fact that the former include
already at LO an initial state with gluons, whereas the latter do not. The gluon appears
in the partonic initial states of charged processes only at NLO via the (anti)quark–gluon
channel. At small Bjorken-x’s, the gluon PDF grows much faster than the (anti)quark
PDF. Thus, increasing the energy of the collider, the relative corrections induced by the
(anti)quark–gluon initial states leads to the growth of the K-factors and dominates in their
energy dependence. Also, as can be seen in figure 19 and table 4, these processes present a
larger dependence on the scale variation than the uncharged processes. [Davide: what don’t
you like of the previous sentence Fabio? ]

The differences in the slopes of the curves in the main panels of the plots are also
mostly due to the gluon PDF. Charged processes do not originate from the gluon–gluon
initial state neither at LO nor at NLO. For this reason, their growth with the increasing of
the energy is smaller than for the uncharged processes. All these arguments point to the
fact that, at 100 TeV collider, it will be crucial to have NNLO QCD corrections for tt̄W±,
tt̄W±� and tt̄W±Z processes.

The fact that tt̄tt̄ production is the process with the rapidest growth is again due to
percentage content of gluon–gluon-initiated channels, which is higher than for all the other
processes. [Davide: Should we shows plots in figure 20? ]. From the left plot, it is easy
also to note that the scale uncertainty of tt̄tt̄ production is larger than for the tt̄V V -type
processes. In this case, the difference originates from the different powers of ↵s at LO; tt̄tt̄
production is of O(↵4

s) whereas tt̄V V -type processes are of O(↵2
s↵

2). [Davide: Additional
comments??? ]
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At the LHC, QCD is everywhere. 
Nowadays, a “standard” prediction in the 
SM is at NLO QCD accuracy. 
!
NNLO QCD is expected to be of the same 
order of NLO EW            . 

NNLO EW, 
NNNLO QCD 

…..

of their hierarchy in terms of coupling constants. Secondly, weak contributions due to the

emission of potentially resolvable massive EW vector bosons need to be taken into account,

at least when one is not able to discard them in the context of a fully realistic analysis at

the level of final states. We have shown that, in the case of tt̄H inclusive production, these

processes may in fact not be entirely negligible in precision phenomenology studies.

We have compared the O(α2
Sα

2) predictions with those of O(α3
Sα), which constitute

the dominant (in terms of coupling hierarchy) contribution to NLO effects. We have found

that such a hierarchy, established a priori on the basis of the coupling-constant behaviour, is

amply respected at the level of fully-inclusive cross sections, for which the scale uncertainty

of the latter contribution is significantly larger than the whole O(α2
Sα

2) result. This picture

does change, however, when one emphasises the role of phase-space regions characterised by

some large scale (typically related to a high-pT configuration), which can be done by either

looking directly at the relevant kinematics, or at the inclusive level by applying suitable

cuts; both options have been considered here. The main conclusion is that, in these regions,

effects of weak origin play an important role, and that O(α2
Sα

2) results may be numerically

of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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EW corrections grow for large pt (Sudakov logs), 
so they are not flat. Moreover they in general 
involve all the SM masses and couplings.



Importance of NNLO (and NNNLO) QCD corrections

An example: H boson production via gluon fusion.
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NLO EW corrections are ~ 5 %, i.e., larger than the residual QCD scale 
uncertainty.
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Correct interpretation of the (B)SM signal

A recent story from an other hadron collider: the top-quark forward-backward 
asymmetry at the Tevatron. 
!

G. Rodrigo, Asymmetries at Tevatron and LHC, CKM Workshop, Vienna, Sep 2014              17

From Tevatron to the LHC
� At Tevatron: valence quarks and 

valence antiquarks of similar momenta 
collide, still 

� LHC is symmetric ► no forward-backward, 
but same charge asymmetry

� valence quarks collide with sea antiquarks,  
which carry less momenta

� excess of tops quarks in the forward and 
backward regionsproton            antiproton 

!

CDF collaboration, 
arXiv:1101.0034[hep-ex]

Definitions of AFB:

Why is AFB interesting?

The electroweak contribution to the forward-backward

asymmetry in top antitop production

Davide Pagani

1 Introduction

Many physical parameters of top quark have been measured during last years (mass, decay width,
branching ratios, cross sections, etc.) and the values obtained are compatible with the theoretical
prediction of the SM. There are anyway some physical observables [1] that present a possible dis-
crepancy from the SM prevision, and the forward-backward asymmetry AFB of top pair production
induced by pp̄ collision [2][3] is one of them.
The definitions of AFB used in the last measurement of CDF [4] are

Att̄
FB =

σ(∆y > 0)− σ(∆y < 0)

σ(∆y > 0) + σ(∆y < 0)
(1)

and

App̄
FB =

σ(yt > 0)− σ(yt < 0)

σ(yt > 0) + σ(yt < 0)
(2)

where ∆y is defined as the difference between the rapidity yt and yt̄. ∆y (not yt) is invariant under
boost along the z-axis so it is the same in the partonic and hadronic rest frame.
The value obtained by CDF are:

Att̄
FB = 0.158± 0.075 (3)

App̄
FB = 0.150± 0.055

The LO predictions of Att̄
FB(A

pp̄
FB) without cuts are around 7.5%(5%) [5] and comes from NLO

QCD corrections of the differential cross section of tt̄ . The most important corrections (NLO of
QCD) to Att̄

FB(A
pp̄
FB) include the NNLO for the differential cross section, but this terms haven’t

been calculated so far because their nontrivial structure.
In order to fill the gap between experimental and theoretical results, different BSM models have
been proposed. Anyway the compatibility with the SM is not ruled out, so at least the calculation
of the NLO corrections of QCD and EW are mandatory. The EW NLO corrections are much
simpler and indeed they have been already calculated. We reexamined and reevaluated the LO and
complete O(α) corrections and we found sizable differences with the preview results.
The calculation of Att̄

FB is presented also with the cuts Mtt̄ > 450 GeV and |∆y| > 1 in order to
make a comparison with the values in [4]

Att̄
FB(Mtt̄ ≥ 450 GeV) = 0.475± 0.114 Att̄

FB(|∆y| ≥ 1) = 0.611± 0.256 (4)

that show the largest discrepancy with QCD LO prediction.

1

17

we assign a systematic uncertainty of 0.035 for this e�ect.

Additional systematic uncertainties are evaluated in
a manner similar to the inclusive case. These uncertain-
ties are estimated by repeating the analysis while varying
the model assumptions within their known uncertainties
for background normalization and shape, the amount of
initial- and final-state radiation (ISR/FSR) in pythia,
the calorimeter jet energy scale (JES), the model of fi-
nal state color connection, and parton distribution func-
tions (PDF). Table XII shows the expected size of all
systematic uncertainties. The physics model dependence
dominates.

TABLE XIII: Asymmetry Att̄ at high and low mass compared
to prediction.

selection Mtt̄ < 450 GeV/c2 Mtt̄ ⇥ 450 GeV/c2

data �0.016± 0.034 0.210± 0.049
tt̄+bkg +0.012± 0.006 0.030± 0.007
(mc@nlo)
data signal �0.022± 0.039± 0.017 0.266± 0.053± 0.032
tt̄ +0.015± 0.006 0.043± 0.009
(mc@nlo)
data parton �0.116± 0.146± 0.047 0.475± 0.101± 0.049
mcfm +0.040± 0.006 0.088± 0.013

Table XIII compares the low and high mass asymme-
try to predictions for the data level, the background sub-
tracted signal-level, and the fully corrected parton-level.
The MC predictions include the 15% theoretical uncer-
tainty. At low mass, within uncertainties, the asymmetry
at all correction levels agrees with predictions consistent
with zero. At high mass, combining statistical and sys-
tematic uncertainties in quadrature, the asymmetries at
all levels exceed the predictions by more than three stan-
dard deviations. The parton-level comparison is summa-
rized in Fig. 14. For Mtt̄ � 450 GeV/c2, the parton-level
asymmetry at in the tt̄ rest frame is Att̄ = 0.475± 0.114
(stat+sys), compared with the MCFM prediction of
Att̄ = 0.088± 0.013.

VIII. CROSS-CHECKS OF THE MASS
DEPENDENT ASYMMETRY

The large and unexpected asymmetry at high mass de-
mands a broader study of related e�ects in the tt̄ data.
We look for anomalies that could be evidence of a false
positive, along with correlations that could reveal more
about a true positive. In order to avoid any assumptions
related to the background subtraction, we make compar-
isons at the data level, appealing when necessary to the
full tt̄ + bkg simulation models.

FIG. 14: Parton-level asymmetry in �y at high and low mass
compared to mcfm prediction. The shaded region represents
the total uncertainty in each bin.
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FIG. 15: Distribution of tt̄ reconstruction �2. Black crosses
are data, histogram is sig+bkg prediction.The last bin on the
right contains all events with �2 > 100.

A. Lepton Type

All of our simulated models predict asymmetries that
are independent of the lepton type: pythia predicts
asymmetries that are consistent with zero, and the Octet
models predict asymmetries that are consistent with each
other. The data are shown in Table XIV. At high mass,
both lepton types show positive asymmetries consistent
within errors.

Only NLO QCD,
let’s see SM 
prediction!

Theory Experiment

AFB(%) Att̄
FB App̄

FB

data 15.8± 7.4 15.0± 5.5

MCFM 5.8± 0.9 3.8± 0.6
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Figure 1: Real emissions of gluon: photon in the propagator

yt =
1

2
log

(E + pz
E − pz

)

(4)

∆y = yt − yt̄ (5)

σ(H1H2 → tt̄+X) = σ(p1p2 → tt̄+X)⊗
[

fp1,H1
(x1)fp2,H2

(x2) + fp1,H2
(x1)fp2,H1

(x2)
]

(6)

Mp1p2→tt̄+X(kp1
, kp2

, kt, kt̄, kX) = Mp1p2→tt̄+X(k′p1
, k′p2

, k′t, k
′

t̄, k
′

X) (7)

1

D0 and especially CDF measured values 
for the forward-backward asymmetry that 
are larger than the SM prediction. 
!
But which SM prediction?



Correct interpretation of the (B)SM signal

A recent story from an other hadron collider: the top-quark forward-backward 
asymmetry at the Tevatron. 
!
Surprisingly (No Sudakov enhancement), the NLO EW induces corrections of 
order 20-25%. 

yt =
1

2
log

⇣E + pz
E � pz

⌘
(1)

�y = yt � yt̄ (2)

fp1,H1(x1)fp2,H2(x2) (3)

fp1,H2(x1)fp2,H1(x2) (4)

H1H2 ⇥ tt̄+X (5)

O(�s�) = 0 (6)

�Ñ1

�sN1
= 0.09 (7)

RQED(Qq) =
�ÑQED

1

�sN1
= QqQt

36

5

�

�s
(8)
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NNLO QCD and NLO EW are 
essential for a reliable theoretical 
prediction. 
!
Missing higher-orders in the 
theoretical predictions may be 
misinterpreted as BSM signals. 
!
!Czakon, Fiedler, Mitov ‘14

pp̄ → tt̄+X

q

q

t

tg

q

q

t

t

q

g

g

t

Figure 1: Real emissions of gluon: photon in the propagator

q

q

t

t
g

γ

t

q

q

t
t

g
q

γ

Figure 2: Real emissions of gluon: photon in the propagator

q

q

t

t
g

g

t

q

q

t
t

g
q

g

Figure 3: Real emissions of gluon: photon in the propagator

1



Kühn, Scharf, Uwer ‘13	



Sudakov enhancement 
Figure 19: Same as Fig. 7 but for 14 TeV.

Figure 20: Same as Fig. 12 but for 13 TeV.
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Not surprisingly, weak corrections at large scales are not negligible for a general 
process due to the Sudakov Logarithms ~                     

Originate from vertex and box diagrams involving virtual weak bosons

e+

νe

e−

W+

W−

Z

Z

W−

e+

e−

γ, Z

W∓

W±

Z

Z

W± ⇒ α ln2
(

s
M2

W

)

General form of 1 loop EW corrections for s ≫ M2
W

α

[

C2 ln2

(

s
M2

W

)

︸ ︷︷ ︸

LL

+ C1 ln1

(

s
M2

W

)

︸ ︷︷ ︸

NLL

+ C0

]

+ O
(

M2
W

s

)

Typical size of logs for 2 → 2 processes at
√

s ≃ 1TeV: effects of O(10%)
(

δσ1

σ0

)

LL

≃ − α
πs2

W

log2 s
M2

W

≃ −26%

(

δσ1

σ0

)

NLL

≃ +
3α

πs2
W

log
s

M2
W

≃ +16%
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1

Example:

Results from Run-I: 
Is it BSM, EW Sudakov or something else? 
!

mtT: a very interesting variable

20

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

• The other side of the coin 

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

• Accurate modelling of SM mtT shape 
improves dominant background description

tT dominant
 background

Plot taken from Varouchas talk at the: Top LHC France workshop	



Weak corrections to the cross section
Beenakker et al ’94,   Kuhn, Scharf, Uwer ’06,   Bernreuther, Fuecker, Si ’06
Moretti, Nolten, Ross ’06,  

yield contributions to AFB which are numerically not important [5].
In order to analyze the electroweak O(α2

sα) terms, it is useful to separate the QED contributions
involving photons from the weak contributions with Z bosons. In the QED sector we obtain the
O(α2

sα) contributions to N from three classes of partonic processes: qq̄ → tt̄, qq̄ → tt̄g and qq̄ → tt̄γ.
The first case is the virtual-photon contribution, which can be obtained from the QCD analogue,
namely the O(α3

s) interference of box and tree-level amplitudes, by substituting successively each
one of the three internal gluons by a photon, as displayed in Figure 4.
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Figure 4: Different ways of QED–QCD interference at O(α2
sα)

The essential differences between the calculation of the O(α3
s) and of QED O(α2

sα) terms are
the coupling constants and the appearance of the SU(3) generators in the strong vertices. Summing
over color in the final state and averaging in the initial state we find for the virtual contributions
to the antisymmetric cross section the following ratio,

|Mtt̄|
2

O(α2
s
α),asym

|Mtt̄|
2

O(α3
s
),asym

=
2Re

(

Mtt̄
O(α)M

tt̄ ∗
O(α2

s
)

)

asym
+ 2Re

(

Mtt̄
O(αs)

Mtt̄ ∗
O(αsα)

)

asym

2Re
(

Mtt̄
O(αs)

Mtt̄ ∗
O(α2

s
)

)

asym

=
F tt̄
QED(αs,α, Qt, Qq)

F tt̄
QCD(αs)

(8)
that can be expressed in terms of two factors F tt̄

QED and F tt̄
QCD depending only on coupling constants

and color traces,

F tt̄
QCD =

g6s
9
δADδBF δECTr(t

AtBtC)
[1

2
Tr

(

tDtEtF
)

+
1

2
Tr

(

tDtF tE
)

]

=
g6s

16 · 9
d2, (9a)

F tt̄
QED = ntt̄

{g4se
2QqQt

9
δACδBDTr(tAtB)Tr(tCtD)

}

=
6g4se

2

9
QtQq. (9b)

F tt̄
QCD contains two different color structures and the result depends on d2 = dABCdABC = 40

3 ,

which arises from Tr(tAtBtC) = 1
4 (if

ABC + dABC). F tt̄
QED instead depends on the charges of the

incoming quarks (Qq) and of the top quark (Qt), together with ntt̄ = 3 corresponding to Figure 4.
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apart from the physical fields, also unphysical fields contribute. In particular we have
to consider the contribution from the fields denoted by !, ", which are related to the
longitudinal degrees of freedom of the gauge bosons. In principle in the R#-gauge also
ghosts need to be considered to cancel unphysical degrees of freedom. To the order
where we are working, the ghosts do not contribute. In addition, given that we neglect
the masses of the u,d,c,s quarks the unphysical fields " and ! only contribute in the
vertex corrections to the final gluon–top–antitop vertex. The renormalization is done in
renormalized perturbation theory. That is the bare Lagrangian L is rewritten in terms
of renormalized fields and couplings:

L ($0,A0,m0,g0) = L (Z1/2$ $R,Z
1/2
A AR,ZmmR,ZggR)

= L ($R,AR,mR,gR)+L ct($R,AR,mR,gR). (II.1)

The contribution L ($R,AR,mR,gR) gives just the ordinary Feynman rules, but with
the bare couplings replaced by the renormalized ones. Some sample diagrams are
shown in Fig. II.1. The complete list of Feynman rules can be found for example in

W,Z W,Z,H,",!

Z

Figure II.1: Sample diagrams for the virtual corrections.

Ref. [19]. The second contribution in Eq. (II.1) L ct($R,AR,mR,gR) yields the counter-
terms, which render the calculation ultraviolet (UV)-finite. The diagrams needed here
are shown in Fig. II.2. Note that although the electroweak corrections appear here
in one-loop approximation, they are the leading-order electroweak contribution. The
interference term of the amplitude M (qq̄→ %,Z → tt̄) with the corresponding QCD
amplitude vanishes as a consequence of the specific colour structure. Terms of order
&s& are therefore absent. Thus no renormalization of the coupling constants is required
at the order under consideration here. This is different from an electroweak correction

2

III. Real corrections

Z Z

Figure III.1: Sample diagrams for the real corrections.

As mentioned in the previous section the contribution from the box diagrams is IR-
divergent. To render the corrections to the total cross section finite we need to include
the real corrections at the same order. A few sample diagrams are shown in Fig. III.1.
The diagram containing the triple gluon vertex (see Fig. III.2) does not contribute be-
cause of the colour structure. The calculation of the real corrections is straightforward.
The phase-space integration over the regions where the emitted gluon is soft will pro-
duce the IR singular contribution needed to cancel the corresponding singularities in
the virtual corrections. Note that owing to the colour structure no collinear singularities
appear, because the interference between the two diagrams, where the gluon is emitted
from the initial state, vanishes. As a consequence no factorization of initial-state sin-
gularities is required. To extract the IR divergences, we use the so-called subtraction
method [21, 22, 23]. The basic idea of the subtraction method is to add and subtract a
term in such a way that the singularities appearing in the real corrections are matched
point-wise and that the term is simple enough to be integrated analytically in d dimen-
sions over the full phase space. Given that the same term is added and subtracted, this
procedure does not change the result. The analytically integrated term is combined
with the virtual corrections, while the unintegrated term is combined with the real cor-
rections. Given that the term combined with the real corrections match point-wise the
singularities of the squared matrix element, the integration can be done numerically
in 4 dimensions. Because of the universal structure of soft and mass singularities in
QCD, the subtraction terms can be constructed in a very general way. For further de-
tails on the subtraction method, we refer to Refs. [21, 23]. Here we just reproduce the
necessary equations required for the case at hand.

Using the subtraction method the NLO contribution to the cross section can be sym-

11

obtain the well-known leading order differential cross section:

d!LO
dz

= !0
N2(1+"2z2)−2
N(1−"2z2)2

(

1−"4z4 +2"2(1−"2)(1− z2)
)

. (II.1)

where N is the number of colours, #s the strong coupling constant and " the velocity
of the top-quark in the partonic centre-of-mass system:

"=

√

1− 4mt2
s

(II.2)

(s denotes the partonic centre-of-mass energy squared). The cosine of the scattering
angle is denoted by z. Here and in what follows it is convenient to use the abbreviation

!0 =
$#2

s
4

1
N2 −1

"
s
. (II.3)

A factor 1/(4(N2−1)2) from averaging over the incoming spins and colour is included
in the result above.

%

a)

%

b)

%

c)

%

d)

Z, &, H
t, b

e)

Figure II.2: Sample diagrams for the virtual corrections. % stands for all contributions
from gauge boson, goldstone boson and Higgs exchange.

For the calculation of the next-to-leading order weak corrections we use the ’t Hooft-
Feynman gauge (R'-gauge) with the gauge parameters 'i set to 1. The longitudinal

3

2 Calculational basis

At leading order the production of tt̄ pairs in pp̄ collisions originates, via the strong interaction,
from the partonic processes qq̄ → tt̄ and gg → tt̄, which yield the O(α2

s) of the (integrated) cross
section, i.e. the denominator of AFB in (1) and (2). The antisymmetric cross section, the numerator
of AFB , starts at O(α3

s) and gets contributions from qq̄ → tt̄(g) with q = u, d (the processes from
other quark species, after convolution with the parton distributions and summation, are symmetric
under yt → −yt and thus do not contribute to AFB) as well as from qg → tt̄q and q̄g → tt̄q̄.

Writing the numerator and the denominator of AFB (for either of the definitions (1) and (2))
in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (5)

The terms up to one-loop (D0, D1, N1) have been calculated [9, 10, 11, 12, 13, 14], [15, 16, 17, 18],
[5], whereas only some parts of N2 are currently known [19, 20]. The inclusion of the N1D1/D0

term without N2 would hence be incomplete, and we have chosen to use only the lowest order cross
section in the denominator and the O(α3

s) term in the numerator, as done in [5].
Rewriting N and D to include the EW contributions yields the following expression for the

leading terms,

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (6)

where the incomplete O(α2
s) part has been dropped. In the following we (re-)evaluate the three

contributions on the r.h.s. of (6).
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Figure 1: Electroweak and QCD Born diagrams

Figure 1 contains all the tree level diagrams for the partonic subprocesses qq̄ → tt̄ and gg → tt̄
(Higgs exchange is completely negligible). The squared terms |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 yield
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EWPO (past and future)

Year

M
t  

 [G
eV

]

SM constraint
Tevatron

Direct search lower limit (95% CL)

68% CL

50

100

150

200

1990 1995 2000 2005
0

1

2

3

4

5

6

10030 500
mH [GeV]

6
r2

Excluded

6_had =6_(5)

0.02758±0.00035
0.02749±0.00012
incl. low Q2 data

Theory uncertainty

168 170 172 174 176 178
mt [GeV]

80.30

80.40

80.50

80.60

M
W

 [G
eV

]

MSSM

MH = 114 GeV

MH = 127 GeVSM

light SUSY

heavy SUSY

MSSM
SM, MSSM

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune ’12

experimental errors 68% CL:

LEP2/Tevatron: today
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ILC/GigaZ

EWPO were crucial in order to constrain the H-
boson and top-quark mass.  
Today EWPO can be used to check the internal 
consistency of the SM. 
In models where they can be calculated, as in the 
MSSM, EWPO can be used to constrain the 
parameter space. 

Precision Electroweak measurements	


on the Z resonance hep-ex/0509008	





SM at the LHC
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7 TeV Theory prediction
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With higher energy and higher luminosity, at the LHC more processes will be 
measurable and the accuracy of all measurements will in general increase. 
!
Precise predictions are necessary for the Run-II of the LHC, especially if no 
clear sign of new physics will appear. In order to match the experimental 
precision, NLO EW corrections are in general essential. 



Automation of NLO EW

NLO QCD corrections, matched to shower effects, have already been 
completely automated in event generators via aMC@NLO_MadGraph5.   
!
NNLO (QCD) automation is out of our theoretical capabilities at the moment,  
(Subtraction schemes, Two-loop integrals). 
!
NLO EW corrections can be automated and are being automated in 
aMC@NLO_MadGraph5. 

Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro  ‘14

Generation of all the ME. 
EW loops and real emissions 
have a more complex structure.

Automation of NLO corrections in Madgraph5_aMC@NLO

MadLoop

 MC@NLOCutTools

FKS 

FKS MadGraph!
aMC@NLO

The complete automation has already been achieved for QCD.

Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro  ‘14

Evaluation of loops and CTs. 
UV CTs and R2 are many more 
in NLO EW corrections.

Regularization of IRC sing. 
Not only gluons and quarks, 
buy also photons.

Matching with shower. 
Not only QCD but also 
QED (EW) LL.



        and           production respectively provide  a direct  measurement of  the 
Z and H boson interaction with the top quark. 

Pheno results with aMC@NLO_MadGraph5
NLO QCD and EW corrections to 
in a completely automated approach. 

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

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

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

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

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

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

2.1 t¯tV -type processes and t¯tH production

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

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

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

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

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

can be obtained by simply rescaling the numbers listed in this paper.

– 4 –

of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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In this work we contribute to this aim, focussing on two specific classes of high-
multiplicity production process in the SM, i.e., the associated production of a top-quark
pair with either one (tt̄V ) or two gauge vector bosons (tt̄V V ). The former includes the pro-
cesses tt̄W±, tt̄Z and tt̄�, while the latter is constituted by tt̄W+W�, tt̄ZZ, tt̄��, tt̄W±�,
tt̄W±Z and tt̄Z�. In addition, we consider also the associate production of two top-quark
pairs (tt̄tt̄), since it will be relevant for the phenomenological analyses that are presented
in this work.

The aim of this paper is twofold. Firstly, we want to perform a detailed study at fixed
NLO QCD accuracy for all the tt̄V - and tt̄V V -type processes and for tt̄tt̄ production, within
the same framework and using the same input parameters. We investigate the behavior of
NLO QCD corrections for several distributions and we look into their dependence on (the
definition of) the renormalization and factorization scale. For the tt̄V V -type processes
a detailed study of NLO QCD corrections has been performed only for tt̄�� [4]. So far,
only representative results at the level of total cross sections have been presented for the
remaining tt̄V V -type processes [5].

Secondly we want to perform a complete analysis, at NLO QCD accuracy, matched
to parton shower and including decays, in a realistic experimental setup, for both signal
and background processes involved in the searches at the LHC for the associate production
(tt̄H) of a top-quark pair with a Higgs boson. Specifically, we consider the cases in which
the Higgs boson decays either into leptons or into two photons (H ! ��). The processes
tt̄W+W�, tt̄ZZ, tt̄W±Z and tt̄�� contribute as irreducible background to the correspond-
ing experimental signatures and indeed, e.g., tt̄W+W� production is already taken into
account, at LO, in the CMS analyses [6] [Davide: add references, is there an analysis of
ATLAS? ]. In the case of a Higgs decaying into leptons, also tt̄tt̄ production gives a back-
ground contribution of the same size. Furthermore, the tt̄V -type processes can produce the
same experimental signatures, and the size of their contributions is typically one order of
magnitude larger than in tt̄V V and tt̄tt̄ production.

The calculation of the NLO QCD corrections has been performed in a completely auto-
mated way via the MadGraph5_aMC@NLO framework [5]. The reader can find in the text
all the inputs that are necessary to obtain with the aforementioned public code the results
presented here. [Davide: We add here the description of everything: MadFKS, MAdLoop,
Madgraph, am@NLO the possibility of analyse with madspin interface with herwig, pithya ]

The structure of the paper is the following. In section 2 we present a detailed study
of the NLO QCD corrections to the cross sections of tt̄V and tt̄V V -type processes and
tt̄tt̄ production. We show their dependences on the variation of the factorization and
renormalization scales. Furthermore, we investigate the differences among the usage of a
fixed scale and other two possible definitions of dynamical scales. Inclusive and differential
K-factors are also shown. As said, these processes are all part of the background to the
tt̄H production with the Higgs boson decaying into leptons, which is also studied in this
work. To this purpose, we show also the same kind of results for tt̄H production.

NLO QCD corrections have already been calculated for tt̄� in [7], for tt̄Z in [8–12],
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for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

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

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

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

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

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

!

tt̄H : σ( pb) 8 TeV 13 TeV 100 TeV

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

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

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

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

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

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

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

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

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

scenario, eq. (3.1).

tt̄H : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 25.9+5.4
−11.1 29.7+6.8

−11.1 (24.2+4.8
−10.6) 40.8+9.3

−9.1

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

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

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

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

HBR 0.88 0.89 (1.87) 0.91

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

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

or boosted regime), where it is predominantly of LO-type because of the growing contri-

butions of qg-initiated partonic processes. In all cases, the PDF uncertainties on the NLO

QCD term are smaller, and decrease with the c.m. energy. Secondly, the contributions

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

production, which has a LO EW cross section identically equal to zero), but consistitute

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

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

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

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

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

LO EW level (for tt̄H and tt̄Z).

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

of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases

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

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

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

the NLO EW effects are within the NLO QCD scale uncertainty band, they are almost

marginally so. Conversely, for tt̄H and tt̄Z production NLO EW contributions are amply
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table 8, respectively.

Further details on the NLO weak and HBR results relevant to figs. 5 and 6 are given

in figs. 7 and 8, respectively. The main frames display the cross sections, and in the

case of the NLO weak contributions the individual results for the three dominant partonic

channels (namely, gg, dd̄, and uū) are also shown. The lower insets contain the same

information, but in the form of fractions over the relevant LO cross sections; these are thus

the differential analogues of tables 7 and 8.

As far as QCD and weak effects are concerned, figs. 5 and 6 show rather similar

patterns. NLO QCD contributions are dominant everywhere in the phase space, and their

size increase with the collider energy in a manner which is, in the first approximation, rather

independent of the observable or the range considered (however, a closer inspection reveals

some minor differences in the shapes of the relative contributions to several observables). In

other words, there is no single phase-space region associated with the growth with energy

of the relative NLO QCD contribution observed in table 6. At a given collider energy,

the NLO QCD K factors are generally not flat, with the exception of y(t) and, to a good

extent, of ∆y(tt̄,H) at 100 TeV; the K factors also tend to flatten out at large transverse

momenta or invariant masses. The case of NLO weak effects is interesting because they

become significant only in certain regions of the phase space (we remind the reader that

we are discussing here the analogue of the fully inclusive case of sect. 3.1, for which at the

level of rates weak contributions are smaller than QCD scale uncertainties, as documented

by the entries not included in round brackets in table 6). In particular, the histograms

that include the NLO weak contributions lie at the lower end of the QCD scale-uncertainty

band at large pT (H), pT (t), and (to a somewhat lesser extent) ∆y(tt̄,H). Weak effects

induce therefore a significant distortion of the spectra in those regions, and cannot be

neglected. The above regions are rather directly related with those relevant to the boosted

scenario; it is therefore consistent with the behaviour of the rates within the cuts of eq. (3.5)

shown in table 6 that we observe that the relative importance of NLO weak vs NLO QCD

contributions is greater at 13 TeV than at 100 TeV.

One has to keep in mind that the impact of the NLO weak effects discussed above can

be partly compensated by that of the HBR contributions, since the relative importance of

the latter tends to increase (in absolute value) in the same regions where the NLO weak

corrections are most significant, at both 13 and 100 TeV, as shown by the insets of figs. 7

and 8. From these figures, we also see the differential counterpart of table 7: at 13 TeV,

the interplay of the gg with the dd̄ and uū channels is involved, while at 100 TeV one is

dominated everywhere in the phase space by the gg-initiated process.

We conclude this section by presenting in fig. 9 the results for our six reference differen-

tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the effect of such

cuts is that of further enhancing the impact of the NLO weak contributions, which become

competitive with the QCD ones, and non-negligible even close to the pT thresholds (com-

pare e.g. the insets of the upper two panels of figs. 5 and 9). Note that this conclusion is

not modified when the HBR contributions are taken into account, as was already observed

for the predictions of the total rates. We finally comment on a few visible features that

appear in the differential pT (t), pT (tt̄), and M(tt̄H) distributions in the boosted scenario.
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(Boosted regime in brackets) 

Scale variation

(NLO QCD+EW) PDF var.

tt̄H : σ( pb) 8 TeV 13 TeV 100 TeV

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

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

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

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

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

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

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

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

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

scenario, eq. (3.1).

tt̄H : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 25.9+5.4
−11.1 29.7+6.8

−11.1 (24.2+4.8
−10.6) 40.8+9.3

−9.1

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

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

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

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

HBR 0.88 0.89 (1.87) 0.91

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

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

or boosted regime), where it is predominantly of LO-type because of the growing contri-

butions of qg-initiated partonic processes. In all cases, the PDF uncertainties on the NLO

QCD term are smaller, and decrease with the c.m. energy. Secondly, the contributions

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

production, which has a LO EW cross section identically equal to zero), but consistitute

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

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

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

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

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

LO EW level (for tt̄H and tt̄Z).

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

of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases

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

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

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

the NLO EW effects are within the NLO QCD scale uncertainty band, they are almost

marginally so. Conversely, for tt̄H and tt̄Z production NLO EW contributions are amply
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and adopted the MSTWnlo2008 [68] PDFs with the associated αS(mZ) for all NLO as

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

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

1

α(mZ)
= 128.93 . (3.2)

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

equal to the reference scale:

µ =
HT

2
≡

1

2

∑

i

√

m2
i + p2T (i) , (3.3)

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

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

these scales independently in the range:

1

2
µ ≤ µR, µF ≤ 2µ , (3.4)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

3.1 Inclusive rates

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

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

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

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

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

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

there for the top and Higgs masses, and for the reference scale.
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Numerical results

!

(Boosted regime in brackets) 

table 8, respectively.

Further details on the NLO weak and HBR results relevant to figs. 5 and 6 are given

in figs. 7 and 8, respectively. The main frames display the cross sections, and in the

case of the NLO weak contributions the individual results for the three dominant partonic

channels (namely, gg, dd̄, and uū) are also shown. The lower insets contain the same

information, but in the form of fractions over the relevant LO cross sections; these are thus

the differential analogues of tables 7 and 8.

As far as QCD and weak effects are concerned, figs. 5 and 6 show rather similar

patterns. NLO QCD contributions are dominant everywhere in the phase space, and their

size increase with the collider energy in a manner which is, in the first approximation, rather

independent of the observable or the range considered (however, a closer inspection reveals

some minor differences in the shapes of the relative contributions to several observables). In

other words, there is no single phase-space region associated with the growth with energy

of the relative NLO QCD contribution observed in table 6. At a given collider energy,

the NLO QCD K factors are generally not flat, with the exception of y(t) and, to a good

extent, of ∆y(tt̄,H) at 100 TeV; the K factors also tend to flatten out at large transverse

momenta or invariant masses. The case of NLO weak effects is interesting because they

become significant only in certain regions of the phase space (we remind the reader that

we are discussing here the analogue of the fully inclusive case of sect. 3.1, for which at the

level of rates weak contributions are smaller than QCD scale uncertainties, as documented

by the entries not included in round brackets in table 6). In particular, the histograms

that include the NLO weak contributions lie at the lower end of the QCD scale-uncertainty

band at large pT (H), pT (t), and (to a somewhat lesser extent) ∆y(tt̄,H). Weak effects

induce therefore a significant distortion of the spectra in those regions, and cannot be

neglected. The above regions are rather directly related with those relevant to the boosted

scenario; it is therefore consistent with the behaviour of the rates within the cuts of eq. (3.5)

shown in table 6 that we observe that the relative importance of NLO weak vs NLO QCD

contributions is greater at 13 TeV than at 100 TeV.

One has to keep in mind that the impact of the NLO weak effects discussed above can

be partly compensated by that of the HBR contributions, since the relative importance of

the latter tends to increase (in absolute value) in the same regions where the NLO weak

corrections are most significant, at both 13 and 100 TeV, as shown by the insets of figs. 7

and 8. From these figures, we also see the differential counterpart of table 7: at 13 TeV,

the interplay of the gg with the dd̄ and uū channels is involved, while at 100 TeV one is

dominated everywhere in the phase space by the gg-initiated process.

We conclude this section by presenting in fig. 9 the results for our six reference differen-

tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the effect of such

cuts is that of further enhancing the impact of the NLO weak contributions, which become

competitive with the QCD ones, and non-negligible even close to the pT thresholds (com-

pare e.g. the insets of the upper two panels of figs. 5 and 9). Note that this conclusion is

not modified when the HBR contributions are taken into account, as was already observed

for the predictions of the total rates. We finally comment on a few visible features that

appear in the differential pT (t), pT (tt̄), and M(tt̄H) distributions in the boosted scenario.
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relative contributions

tt̄Z : σ( pb) 8 TeV 13 TeV 100 TeV

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

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

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

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

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

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

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

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

tt̄Z : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 43.2+12.8
−15.9 45.9+13.2

−15.5 (40.2+11.1
−15.0) 50.4+11.4

−10.9

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

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

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

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

HBR 0.95 0.96 (2.13) 0.85

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

within the NLO QCD uncertainties. By imposing at the NLO EW level and at the 13-TeV

LHC the boost conditions enforced by eq. (3.1), the change w.r.t. the non-boosted scenario

is largest in the case of tt̄H production (by a factor equal to about 6.8 SCHEME?);

tt̄Z and tt̄W± behave similarly, with enhancement factors in the range 2.5 − 3. However,

for all processes the boosted kinematics are such that the NLO EW terms are equal or

larger than the scale uncertainties that affect the corresponding NLO QCD terms. For

both of the processes (tt̄H and tt̄Z) which have a non-trivial LO EW cross section, the

bb̄- and γg-initiated contributions tend to cancel each other. In the case of tt̄H, an almost

complete cancellation (relative to the LO QCD term) occurs at a c.m. energy of 100 TeV,

while for tt̄Z is so does at the much lower LHC Run II energy. This implies that the

impact of EW effects at the 13-TeV LHC is more important in the case of tt̄Z than for

tt̄H production, where LO and NLO tend to cancel in the sum. However, it is necessary to

keep in mind the observation about the uncertainties induced on the LO EW cross section

by the photon density: a better determination of such a PDF would be highly desirable, in

order to render the statement above quantitatively more precise. Finally, by comparing the

results of table 4 relevant to the NLO EW terms with those of table 6 of ref. [?] relevant to

the weak-only contributions to the NLO cross section, one sees that the relative impact of

QED effects decreases with the c.m. energy and is rather negligible in the boosted scenario,

as expected. These QED effects have the opposite sign w.r.t. those of weak origin, and can

be as large as half of the latter at the LHC Run I.

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

!

table 8, respectively.

Further details on the NLO weak and HBR results relevant to figs. 5 and 6 are given
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other words, there is no single phase-space region associated with the growth with energy
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the NLO QCD K factors are generally not flat, with the exception of y(t) and, to a good

extent, of ∆y(tt̄,H) at 100 TeV; the K factors also tend to flatten out at large transverse

momenta or invariant masses. The case of NLO weak effects is interesting because they

become significant only in certain regions of the phase space (we remind the reader that

we are discussing here the analogue of the fully inclusive case of sect. 3.1, for which at the

level of rates weak contributions are smaller than QCD scale uncertainties, as documented

by the entries not included in round brackets in table 6). In particular, the histograms

that include the NLO weak contributions lie at the lower end of the QCD scale-uncertainty

band at large pT (H), pT (t), and (to a somewhat lesser extent) ∆y(tt̄,H). Weak effects

induce therefore a significant distortion of the spectra in those regions, and cannot be

neglected. The above regions are rather directly related with those relevant to the boosted

scenario; it is therefore consistent with the behaviour of the rates within the cuts of eq. (3.5)

shown in table 6 that we observe that the relative importance of NLO weak vs NLO QCD

contributions is greater at 13 TeV than at 100 TeV.

One has to keep in mind that the impact of the NLO weak effects discussed above can

be partly compensated by that of the HBR contributions, since the relative importance of

the latter tends to increase (in absolute value) in the same regions where the NLO weak

corrections are most significant, at both 13 and 100 TeV, as shown by the insets of figs. 7

and 8. From these figures, we also see the differential counterpart of table 7: at 13 TeV,

the interplay of the gg with the dd̄ and uū channels is involved, while at 100 TeV one is

dominated everywhere in the phase space by the gg-initiated process.

We conclude this section by presenting in fig. 9 the results for our six reference differen-

tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the effect of such

cuts is that of further enhancing the impact of the NLO weak contributions, which become

competitive with the QCD ones, and non-negligible even close to the pT thresholds (com-

pare e.g. the insets of the upper two panels of figs. 5 and 9). Note that this conclusion is

not modified when the HBR contributions are taken into account, as was already observed

for the predictions of the total rates. We finally comment on a few visible features that

appear in the differential pT (t), pT (tt̄), and M(tt̄H) distributions in the boosted scenario.
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tt̄W+ : σ( pb) 8 TeV 13 TeV 100 TeV

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

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

LO EW 0 0 0

LO EW no γ 0 0 0

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

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

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

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

tt̄W+ : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 40.8+11.2
−12.3 50.1+14.2

−13.5 (59.7+18.9
−17.7) 156.4+38.3

−35.0

LO EW 0 0 0

LO EW no γ 0 0 0

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

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

HBR 2.41 3.88 (7.41) 21.52

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

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

the one-loop contributions of weak origin have already been given in ref. [?]; they are not

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

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

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

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

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

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

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

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

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

growth of the NLO QCD contributions, namely partonic luminosities; in particular, the

tt̄W±V final states can be obtained from gg-initiated partonic processes. While the above

statement must be carefully reconsidered in the context of fully-realistic simulations, where

acceptance cuts are imposed on the decay products of the tops and of the vector bosons, it

does say that, in such simulations, HBR contributions cannot simply be neglected. Note

that the behaviour with the c.m. energy of tt̄W+ and tt̄W− is not identical, mainly owing

to the fact that the former (latter) process is more sensitive to valence (sea) quark densities.

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

change of EW scheme. We thus present predictions obtained in the Gµ scheme, with the
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tt̄W±V final states can be obtained from gg-initiated partonic processes. While the above

statement must be carefully reconsidered in the context of fully-realistic simulations, where

acceptance cuts are imposed on the decay products of the tops and of the vector bosons, it

does say that, in such simulations, HBR contributions cannot simply be neglected. Note

that the behaviour with the c.m. energy of tt̄W+ and tt̄W− is not identical, mainly owing

to the fact that the former (latter) process is more sensitive to valence (sea) quark densities.
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CONCLUSION 

The automation of NLO EW and QCD corrections is in progress  in 
MadGraph5_aMC@NLO. The first pheno studies in a completely 
automated approach  have been presented for        .

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

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

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

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

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

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

2.1 t¯tV -type processes and t¯tH production

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

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

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

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

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

can be obtained by simply rescaling the numbers listed in this paper.
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Precise predictions at the LHC are essential in order to correctly 
identify or exclude possible BSM signals and to perform additional 
consistency checks for the SM.

NLO QCD corrections are the “new standard” for SM processes. 
For many processes, NNLO QCD and NLO EW accuracy or even 
more are necessary. 

Due to the Sudakov logs, EW corrections are in general sizable for 
large pt’s of the produced particles and in boosted regimes. 
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eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
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scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

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

2.1 t¯tV -type processes and t¯tH production

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

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

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

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

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

can be obtained by simply rescaling the numbers listed in this paper.
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define p = p b b~ a 
generate p p > t t~ h [QCD QED] 
output ttbarh_QCD_QED 

Frixione, Hirschi, DP, Shao, Zaro  ’14	
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jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

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

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
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2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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table 8, respectively.

Further details on the NLO weak and HBR results relevant to figs. 5 and 6 are given

in figs. 7 and 8, respectively. The main frames display the cross sections, and in the

case of the NLO weak contributions the individual results for the three dominant partonic

channels (namely, gg, dd̄, and uū) are also shown. The lower insets contain the same

information, but in the form of fractions over the relevant LO cross sections; these are thus

the differential analogues of tables 7 and 8.

As far as QCD and weak effects are concerned, figs. 5 and 6 show rather similar

patterns. NLO QCD contributions are dominant everywhere in the phase space, and their

size increase with the collider energy in a manner which is, in the first approximation, rather

independent of the observable or the range considered (however, a closer inspection reveals

some minor differences in the shapes of the relative contributions to several observables). In

other words, there is no single phase-space region associated with the growth with energy

of the relative NLO QCD contribution observed in table 6. At a given collider energy,

the NLO QCD K factors are generally not flat, with the exception of y(t) and, to a good

extent, of ∆y(tt̄,H) at 100 TeV; the K factors also tend to flatten out at large transverse

momenta or invariant masses. The case of NLO weak effects is interesting because they

become significant only in certain regions of the phase space (we remind the reader that

we are discussing here the analogue of the fully inclusive case of sect. 3.1, for which at the

level of rates weak contributions are smaller than QCD scale uncertainties, as documented

by the entries not included in round brackets in table 6). In particular, the histograms

that include the NLO weak contributions lie at the lower end of the QCD scale-uncertainty

band at large pT (H), pT (t), and (to a somewhat lesser extent) ∆y(tt̄,H). Weak effects

induce therefore a significant distortion of the spectra in those regions, and cannot be

neglected. The above regions are rather directly related with those relevant to the boosted

scenario; it is therefore consistent with the behaviour of the rates within the cuts of eq. (3.5)

shown in table 6 that we observe that the relative importance of NLO weak vs NLO QCD

contributions is greater at 13 TeV than at 100 TeV.

One has to keep in mind that the impact of the NLO weak effects discussed above can

be partly compensated by that of the HBR contributions, since the relative importance of

the latter tends to increase (in absolute value) in the same regions where the NLO weak

corrections are most significant, at both 13 and 100 TeV, as shown by the insets of figs. 7

and 8. From these figures, we also see the differential counterpart of table 7: at 13 TeV,

the interplay of the gg with the dd̄ and uū channels is involved, while at 100 TeV one is

dominated everywhere in the phase space by the gg-initiated process.

We conclude this section by presenting in fig. 9 the results for our six reference differen-

tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the effect of such

cuts is that of further enhancing the impact of the NLO weak contributions, which become

competitive with the QCD ones, and non-negligible even close to the pT thresholds (com-

pare e.g. the insets of the upper two panels of figs. 5 and 9). Note that this conclusion is

not modified when the HBR contributions are taken into account, as was already observed

for the predictions of the total rates. We finally comment on a few visible features that

appear in the differential pT (t), pT (tt̄), and M(tt̄H) distributions in the boosted scenario.
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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
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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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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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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
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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
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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
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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)
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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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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
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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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Alpha(mZ)-scheme,    NNPDF2.3_QED,                       ,   

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

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

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

1

α(mZ)
= 128.93 . (3.2)

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

equal to the reference scale:

µ =
HT

2
≡

1

2

∑

i

√

m2
i + p2T (i) , (3.3)

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

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

these scales independently in the range:

1

2
µ ≤ µR, µF ≤ 2µ , (3.4)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

3.1 Inclusive rates

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

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

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

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

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

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

there for the top and Higgs masses, and for the reference scale.
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well as LO predictions (since we are chiefly interested in assessing effects of matrix-element

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

1

α(mZ)
= 128.93 . (3.2)

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

equal to the reference scale:

µ =
HT

2
≡

1

2

∑

i

√

m2
i + p2T (i) , (3.3)

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

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

these scales independently in the range:

1

2
µ ≤ µR, µF ≤ 2µ , (3.4)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

3.1 Inclusive rates

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

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

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

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

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

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

there for the top and Higgs masses, and for the reference scale.

– 12 –

Contributions

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

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

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

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

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

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

2.1 t¯tV -type processes and t¯tH production

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

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

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

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

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

can be obtained by simply rescaling the numbers listed in this paper.
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NLO EW                     

HBR (                    ) is of the same 
order of NLO EW.

of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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