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torization and renormalization scales, both at integrated and di! erential level. To this aim
we deÞne here the variable that will be used as renormalization and factorization scales.

Besides the usage of Þxed scale, we will in general explore the e! ect of dynamical scales
depending on the transverse masses(mT,i ) of the Þnal-state particles. SpeciÞcally, we will
employ the arithmetic mean of the mT,i of the Þnal-state particles (µa) and the geometric
mean (µg), which are deÞned as
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In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+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 theMSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
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 tomt = 173 GeV and the mass of the Higgs
boson to mH = 125 GeV, 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 Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

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

For all the processes, and especially fortøt" ,[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 deÞned
excluding the partons from real emission and, in the region where mT,i Õs 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 toH T / 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 di ! erent values of !
can be obtained by simply rescaling the numbers listed in this paper.
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Conclusions and Outlook 
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 Status of the code 
with massive final states 



Amplitudes and matrix elements
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NLO UFO models: - SM-alpha(mZ)  (EW+QCD, Weak+QCD) 
(UV CT, R2)   - SM-Gµ     (EW+QCD, Weak+QCD) 

Weak = EW without photonics corrections (to be used when gauge invariant). 



!

_s
2_2__s

3 _s_
3 _4

_2_s_s
2_ _3

torization and renormalization scales, both at integrated and di! erential level. To this aim
we deÞne here the variable that will be used as renormalization and factorization scales.

Besides the usage of Þxed scale, we will in general explore the e! ect of dynamical scales
depending on the transverse masses(mT,i ) of the Þnal-state particles. SpeciÞcally, we will
employ the arithmetic mean of the mT,i of the Þnal-state particles (µa) and the geometric
mean (µg), which are deÞned as

µa =
HT

N
:=

1
N

!

i =1 ,N (+1)

mT,i , (2.1)

µg :=

"

#
$

i =1 ,N

mT,i

%

&

1/N

, (2.2)

In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+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 theMSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
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 tomt = 173 GeV and the mass of the Higgs
boson to mH = 125 GeV, 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 Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

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

For all the processes, and especially fortøt" ,[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 deÞned
excluding the partons from real emission and, in the region where mT,i Õs 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 toH T / 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 di ! erent values of !
can be obtained by simply rescaling the numbers listed in this paper.

Ð 4 Ð

NLO orders of 

!

Amplitudes and matrix elements 

Processes with only final-state massive particles
The generation of EW-QCD loops, real emission 
of gluons, quarks and photons is completely 
automated.  
!
FKS IR counterterms completely automated. 
Also for photons in the initial state. 

Heavy Boson Radiation (HBR)

Label Meaning Restrictions

LO or Born ! 2
S ! ! 3,0

NLO QCD ! 3
S ! ! 4,0

NLO weak ! 2
S ! 2 ! 4,1 no QED, no bøb ! tøtH + X , no pp ! tøtH + V

HBR ! 2
S ! 2 ! 4,1 no QED, no bøb ! tøtH + X , only pp ! tøtH + V

Table 4: Shorthand notation that we shall use in sect. 3. HBR is an acronym for Heavy
Boson Radiation. V stands for a Higgs, aW , or a Z , and HBR understands the sum of
the corresponding three cross sections. The reader is encouraged to check sect. 2 for the
precise deÞnitions of all the quantities involved.

automated.

Given that the subtraction of the IR singularities that a " ect ! 4,1 is not completely
automated, we have simpliÞed the calculation by ignoring the contribution to this coe# cient
due to bøb-initiated partonic processes (as was discussed before, this process is the only one
where initial-state collinear singularities appear, and thus no collinear subtractions are
needed in our computation). This approximation is fully justiÞed numerically, in view of
the extremely small bøb ! tøtH cross section at the LO, which we shall report in sect. 3. We
shall also present the contributions of theREW ,0 áREW ,0 processes (see table 3) separately
from the rest, in keeping with what is usually done in the context of EW computations. We
emphasise that, as the general derivation presented beforeshows, there is no real motivation
for ignoring such contributions completely. The argument that an extra Þnal-state boson
can be tagged might be made, but only in the context of a fully realistic analysis (since
bosons cannot be seen directly in a detector), which is beyond the scope of the present
paper. We note that the corresponding cross section is not negligible, as we shall document
in sect. 3; our results, being inclusive in the extra boson, represent an upper bound for
those obtained by applying proper acceptance cuts.

In table 4 we give the shorthand naming conventions that we shall adopt in sect. 3.
We use names which are similar to those most often used in the context of EW higher-
order computations, so as to facilitate the reading of the phenomenological results. As
was discussed at length in the present section, the contentsof the various terms are more
involved than their names may suggest, and we refer the reader to such a section for the
necessary deÞnitions.

3. Results

In this section we present a sample of results obtained by simulating tøtH production in pp
collisions at three di" erent collider c.m. energies: 8, 13, and 100 TeV. We have chosen the
top-quark and Higgs masses as follows:

mt = 173.3 GeV, mH = 125 GeV , (3.1)
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of the same order as theO(! 3
S ! ) ones. Therefore,tøtH production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce signiÞcant 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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Formally of order 

Label Meaning Restrictions

LO or Born ! 2
S ! ! 3,0

NLO QCD ! 3
S ! ! 4,0

NLO weak ! 2
S ! 2 ! 4,1 no QED, no bøb ! tøtH + X , no pp ! tøtH + V

HBR ! 2
S ! 2 ! 4,1 no QED, no bøb ! tøtH + X , only pp ! tøtH + V

Table 4: Shorthand notation that we shall use in sect.??. HBR is an acronym for Heavy
Boson Radiation. V stands for a Higgs, aW , or a Z , and HBR understands the sum of
the corresponding three cross sections. The reader is encouraged to check sect.?? for the
precise deÞnitions of all the quantities involved.

paper. We note that the corresponding cross section is not negligible, as we shall document
in sect. ??; our results, being inclusive in the extra boson, representan upper bound for
those obtained by applying proper acceptance cuts.

In table ?? we give the shorthand naming conventions that we shall adoptin sect. ??.
We use names which are similar to those most often used in the context of EW higher-
order computations, so as to facilitate the reading of the phenomenological results. As
was discussed at length in the present section, the contentsof the various terms are more
involved than their names may suggest, and we refer the reader to such a section for the
necessary deÞnitions.

3. Results

In this section we present a sample of results obtained by simulating tøtH production in pp
collisions at three di" erent collider c.m. energies: 8, 13, and 100 TeV. We have chosen the
top-quark and Higgs masses as follows:

mt = 173.3 GeV, mH = 125 GeV , (3.1)

and adopted the MSTWnlo2008 [?] PDFs with the associated! S (mZ ) for all NLO as well
as LO predictions (since we are chießy interested in assessing e" ects of matrix-element
origin). In our default ! (mZ )-scheme, the EW coupling constant is [?]:

1
! (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 =
H T

2
"

1
2

!

i

"
m2

i + p2
T (i ) , (3.3)

where the sum runs over all Þnal-state particles. The theoretical uncertainties due to the
µR and µF dependencies that a" ect the coe# cient ! 4,0 have been evaluated by varying
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NLO UFO models: - SM-alpha(mZ)  (EW+QCD, Weak+QCD) 
(UV CT, R2)   - SM-Gµ     (EW+QCD, Weak+QCD)  

Weak = EW without photonics corrections (to be used when gauge invariant). 

The matrix element calculation  is completely automated. Example: 

torization and renormalization scales, both at integrated and di! erential level. To this aim
we deÞne here the variable that will be used as renormalization and factorization scales.

Besides the usage of Þxed scale, we will in general explore the e! ect of dynamical scales
depending on the transverse masses(mT,i ) of the Þnal-state particles. SpeciÞcally, we will
employ the arithmetic mean of the mT,i of the Þnal-state particles (µa) and the geometric
mean (µg), which are deÞned as

µa =
HT

N
:=

1
N

!

i =1 ,N (+1)

mT,i , (2.1)

µg :=

"

#
$

i =1 ,N

mT,i

%

&

1/N

, (2.2)

In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+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 theMSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
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 tomt = 173 GeV and the mass of the Higgs
boson to mH = 125 GeV, 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 Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

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

For all the processes, and especially fortøt" ,[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 deÞned
excluding the partons from real emission and, in the region where mT,i Õs 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 toH T / 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 di ! erent values of !
can be obtained by simply rescaling the numbers listed in this paper.
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In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+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
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[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
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 tomt = 173 GeV and the mass of the Higgs
boson to mH = 125 GeV, 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 Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

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

For all the processes, and especially fortøt" ,[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 deÞned
excluding the partons from real emission and, in the region where mT,i Õs 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 toH T / 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 di ! erent 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 
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Now, for the complete NLO QCD 
and EW corrections, with photons 
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first results were for 
NLO QCD and EW corrections to 
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In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
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[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
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boson to mH = 125 GeV, 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 Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

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

For all the processes, and especially fortøt" ,[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 deÞned
excluding the partons from real emission and, in the region where mT,i Õs 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 toH T / 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 di ! erent values of !
can be obtained by simply rescaling the numbers listed in this paper.
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of the same order as theO(! 3
S ! ) ones. Therefore,tøtH production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce signiÞcant 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 Þgs. 5 and 6 are given

in Þgs. 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, død, and uøu) are also shown. The lower insets contain the same
information, but in the form of fractions over the relevant L O cross sections; these are thus
the di! erential analogues of tables 7 and 8.

As far as QCD and weak e! ects are concerned, Þgs. 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 Þrst approximation, rather
independent of the observable or the range considered (however, a closer inspection reveals
some minor di! erences 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 ßat, with the exception ofy(t) and, to a good
extent, of " y(tøt, H ) at 100 TeV; the K factors also tend to ßatten out at large transverse
momenta or invariant masses. The case of NLO weak e! ects is interesting because they
become signiÞcant 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 scaleuncertainties, 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(tøt, H ). Weak e! ects
induce therefore a signiÞcant 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 importanceof 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 e! ects 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 signiÞcant, at both 13 and 100 TeV, as shown by the insets of Þgs. 7
and 8. From these Þgures, we also see the di! erential counterpart of table 7: at 13 TeV,
the interplay of the gg with the død and uøu channels is involved, while at 100 TeV one is
dominated everywhere in the phase space by thegg-initiated process.

We conclude this section by presenting in Þg. 9 the results for our six reference di! eren-
tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the e! ect 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 Þgs. 5 and 9). Note that this conclusion is
not modiÞed when the HBR contributions are taken into account, as was already observed
for the predictions of the total rates. We Þnally comment on afew visible features that
appear in the di! erential pT (t), pT (tøt), and M (tøtH ) distributions in the boosted scenario.
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Comparison with cuts for  

!

tøtH : ! ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 9.685á10! 2 3.617á10! 1 (1.338á10! 2) 23.57

NLO QCD 2.507á10! 2 1.073á10! 1 (3.230á10! 3) 9.61

LO EW 1.719á10! 3 4.437á10! 3 (3.758á10! 4) 1.123á10! 2

LO EW no " −2.652á10! 4 −1.390á10! 3 (−2.452á10! 5) −1.356á10! 1

NLO EW −5.367á10! 4 −4.408á10! 3 (−1.097á10! 3) −6.261á10! 1

NLO EW no " −7.039á10! 4 −4.919á10! 3 (−1.131á10! 3) −6.367á10! 1

HBR 8.529á10! 4 3.216á10! 3 (2.496á10! 4) 2.154á10! 1

Table 3: Contributions, as deÞned in table 1, to the total rate (in pb) of tøtH production,
for three di! erent collider energies. The results in parentheses are relevant to the boosted
scenario, eq. (3.1).

tøtH : #(%) 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 " −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 " −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 largeat the LO (except for tøtW ±

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 " g and bøb, 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 a ! ects the NLO EW term, while it constitute a dominant factor at the
LO EW level (for tøtH and tøtZ ).

Other aspects characterise di! erently the four tøtV processes. The relative importance
of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases
of tøtH and tøtZ production, while it decreases fortøtW ± production. At the 8-TeV LHC,
NLO EW terms have the largest impact on tøtW + (about 17% of the NLO QCD ones), and
the smallest on tøtH (2.7%). This is reßected in the fact that for tøtW ± production, while
the NLO EW e! ects are within the NLO QCD scale uncertainty band, they are almost
marginally so. Conversely, fortøtH and tøtZ production NLO EW contributions are amply

Ð 8 Ð

pp æ l+ ! + 2 j Sherpa/Munich+OpenLoops

Gµ scheme [arXiv:1511.08692]

" LO
QCD #NLO

QCD #NLO
EW

[pb] [%] [%]

pT ,j1 > 0 TeV 1.114á102 15.2 ≠2.7

0.5 TeV 1.551á10≠1 2.3 ≠12.5

1 TeV 4.092á10≠3 8.7 ≠19.5

ET ,miss > 0.5 TeV 7.863á10≠3 ≠4.6 ≠22.4

1 TeV 7.863á10≠3 ≠2.9 ≠27.9

pT ,l+ > 0.5 TeV 1.647á10≠2 0.1 ≠21.1

1 TeV 2.912á10≠4 0.6 ≠30.4

HT > 0.5 TeV 1.2635á100 12.3 ≠8.0

1 TeV 2.304á10≠1 58.6 ≠12.3

2 TeV 5.749á10≠3 61.9 ≠18.0

Table IV.4: Results from Sherpa/Munich+OpenLoops for pp æ l+ ! + 2 jets in the setup
deÞned in Tables IV.1 and IV.2.

pp æ t tH MadGraph5_aMC@NLO Sherpa/Munich+OpenLoops

$(M Z) scheme [arXiv:1504.03446]

" LO
QCD #NLO

QCD #NLO
EW #NLO

EW, no “ " LO
QCD #NLO

QCD #NLO
EW #NLO

EW, no “

[pb] [%] [%] [%] [pb] [%] [%] [%]

incl. 3.617á10≠1 28.9 ≠1.2 ≠1.4 3.617á10≠1 28.3 ≠1.3 ≠1.4

pT ,H/ t / øt > 200 GeV 1.338á10≠2 23.4 ≠8.2 ≠8.5 1.338á10≠2 22.5 ≠8.2 ≠8.4

pT ,H/ t / øt > 400 GeV 3.977á10≠4 9.6 ≠13.8 ≠13.9 3.995á10≠4 10.4 ≠13.9 ≠14.0

pT ,H > 500 GeV 2.013á10≠3 37.8 ≠10.6 ≠11.6 2.014á10≠3 37.3 ≠10.8 ≠11.7

|yt | > 2.5 4.961á10≠3 37.5 0.2 0.5 5.006á10≠3 36.9 0.2 0.5

Table IV.5: Comparison of results from MadGraph5_aMC@NLO and
Sherpa/Munich+OpenLoops for pp æ tøtH in the setup deÞned in Table IV.1.

68

MG5_aMC@NLO, RECOLA and OPENLOOPS  are the current automated tools 
 on the market for EW corrections:

Very good agreement with OPENLOOPS even with aggressive cuts. 
This was a non-trivial test, involving very long runs. 
It is also the final answer for the comparison with arXiv:1407.1110, which 
converged (without matching) with the time (v1, v2, v3, v4?) to our result.
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ters are chosen according to [174], and the hadronic cross section is obtained unsing the PDF4LHC15 [29]1388

and NNPDF2.3QED [113] parton distribution functions as explained in detail below. For the top-quark1389

and Higgs-boson masses the on-shell scheme is used, and the top-quark Yukawa coupling2 is related to1390

the top-quark mass and the Fermi constant (Gµ) by1391

yt = (
!

2Gµ)1/ 2M t . (6.1)

The central value for renormalisation and factorisation scales is set to1392

µ = M t + M H/ 2, (6.2)

and the scale uncertainty is estimated by independent variations of renormalisation (µR) and factorisation1393

(µF) scales in the rangeµ/ 2 " µR, µF " 2µ, with 1/ 2 " µR/µ F " 2.1394

The NLO QCD+EW predictions presented in the following,1395

! NLO
QCD+EW = ! NLO

QCD + "! EW , (6.3)

result from the combination of various contributions. The usual NLO QCD cross section,1396

! NLO
QCD = ! LO

QCD + "! NLO
QCD , (6.4)

comprises LO terms ofO(#2
s#) and NLO terms ofO(#3

s#), which involvegg, qøq, andgq partonic1397

channels. The remaining EW corrections, denoted as"! EW , include three types of terms:1398

1. LO EW terms ofO(#3) that result from squared EW tree amplitudes in theqøq and$$ channels;1399

2. LO mixed terms ofO(#s#
2) that result from the interference of EW and QCD tree diagrams in1400

the bøb and $g channels (otherqøq channels do not contribute at this order due to the vanishing1401

interference of the related colour structures);1402

3. NLO EW corrections ofO(#2
s#2) in the qøq, gg and $g channels. Subleading NLO terms of1403

O(#s#
3) andO(#4) are not included as they are expected to be strongly suppressed.1404

For
!

s = 7Ð14 TeV andM H = 125 GeV, the corrections resulting from LO EW, LO mixed and NLO1405

EW effects are all positive and amount, respectively, to0.5%, 0.8Ð1.5%and1.1Ð1.9%of the NLO QCD1406

cross section.3 Photon-induced partonic channels dominate the LO mixed terms, while their contribution1407

to LO EW and NLO EW terms is almost negligible.1408

A fully consistent treatment of NLO QCD+EW corrections requires corresponding precision in1409

the employed PDF. In particular, parton distributions should include QED evolution effects and, con-1410

sequently, a photon density. In order to circumvent the absence of QED effects in the PDF4LHC151411

distributions the following approach is adpoted:1412

1. NLO QCD contributions are computed using the PDF4LHC15 set: more precisely, the PDF4LHC151413

set with 30+2 members is used for PDF and#s uncertainty estimates;1414

2. all EW correction effects resulting form partonic channels with initial-state quarks and/or gluons1415

are computed with the same PDF4LHC15 set;1416

3. for all $-induced EW correction effects the NNPDF2.3QED set is used;1417

4. the missingO(#) effect due to the QED evolution of quark PDF is estimated from the difference1418

between NNPDF2.3QED parton densities and their NLO QCD counterpart without QED evolu-1419

tion, NNPDF2.3, both with#s(M Z) = 0 .118. The relevantO(#) correction factor is determined1420

as follows by means of a LO QCD calculation,1421

"! EW ,PDF = ! NLO
QCD

!
1 + "EW ,PDF

"
, where "EW ,PDF =

! NNPDF QED
LO QCD

! NNPDF
LO QCD

# 1. (6.5)

2In the adopted convention the Feynman rule of thetøtH vertex is(! iy t ).
3HereO(! ) effects related to QED evolution of PDF (see below) are not included.
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No photon PDF in PDF4LHC…
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Very detailed study of EW corrections to 
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NLO EW                     

torization and renormalization scales, both at integrated and di! erential level. To this aim
we deÞne here the variable that will be used as renormalization and factorization scales.

Besides the usage of Þxed scale, we will in general explore the e! ect of dynamical scales
depending on the transverse masses(mT,i ) of the Þnal-state particles. SpeciÞcally, we will
employ the arithmetic mean of the mT,i of the Þnal-state particles (µa) and the geometric
mean (µg), which are deÞned as

µa =
HT

N
:=

1
N

!

i =1 ,N (+1)

mT,i , (2.1)

µg :=

"

#
$

i =1 ,N

mT,i

%

&

1/N

, (2.2)

In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+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 theMSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
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 tomt = 173 GeV and the mass of the Higgs
boson to mH = 125 GeV, 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 Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

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

For all the processes, and especially fortøt" ,[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 deÞned
excluding the partons from real emission and, in the region where mT,i Õs 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 toH T / 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 di ! erent values of !
can be obtained by simply rescaling the numbers listed in this paper.

Ð 4 Ð



EW corrections to the total cross section depends very slightly on m(H) for 120 
GeV < m(H) <130 GeV. But, at very high masses, corrections become huge:

Besides pages and pages of tables for results at any m(H) and any energy……
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Fig. 1: The upper pannel shows thetøtH total cross section as a function ofM H, at 13 TeV, including only
NLO QCD corrections (blue curve) and both NLO QCD+EW corrections (red curve). The intermediate pannel
illustrates the estimated theoretical uncertainties from scale, PDF, and! s variation over teh sameM H ranges. The
lower pannel shows the size of the electroweak corrections as a function ofM H.

90

+ Sudakov logarithms + loop dependence + photon PDF..

H

H H

Figure 1: One-loop! 3-dependent diagram in the Higgs self-energy.

H 3 interaction in the potential, where H is the physical Higgs Þeld, is given
by

V h3
= ! 3 v H 3 ! " ! 3 ! SM

3 v H 3, ! SM
3 =

Gµ"
2

m2
H (1)

with the vacuum expectation value, v, related to the Fermi constant at the
tree-level by v = (

"
2Gµ)! 1/ 2. On the other hand, in our scenario the tree-

level vertices of the Higgs Þeld with the vector bosons and the fermions are
not modiÞed with respect to the SM case, namely,

V V H = 2
! "

2Gµ

" 1/ 2
M 2

V , øf fH =
!

2
"

2Gµ

" 1/ 2
M f (2)

[P: nel paper le masse o le mettiamo tutte in minuscolo o maiuscolo. Meglio
minuscolo?] where M V (M f ) is the vector boson (fermion) mass. Thus, as
already said, although the cross sections for single Higgs production channels
and the Higgs decay modes do not depend on! 3 at LO and at higher order
in QCD, they are sensitive to ! 3-dependent terms and consequently to" ! 3

when corrections ofO(#i
s#j ) are included.

It is important to note that, at variance with the standard " -framework,
here we are assuming a modiÞcation of the trilinear Higgs self-coupling,
while the tree-level couplings of the Higgs to the vector bosons or fermions
are not rescaled by the" V or " f factors. Part of the ! 3-induced e! ects in the
corrections ofO(#i

s#j ) (with j > 0) can be parametrized as a modiÞcation of
the SM couplings between the Higgs Þeld and the other particles. However,
as we will show in sect. 3, another part of the! 3-induced e! ects cannot be
parametrized via " V and " f factors. Thus, the e! ects discussed in this work
cannot be correctly captured in the standard" -framework.

In this study we focus on the ! 3-dependent contributions in the O(#)
corrections (NLO EW) to single Higgs production and decay processes. At
this order, since # # (! SM

3 )2, it is possible to obtain contribution of O(! 3)
as well of O(( ! 3)2). In the following we describe the origin of both classes
of contributions and we will show that while the O(( ! 3)2) corrections are

5



Analogous studies of EW corrections to 
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Process
!

s ! NLO
QCD ! NLO

QCD+EW K QCD "EW [%] Scale[%] PDF[%] #S[%]
tøtZ 13 841.3(1.6) 839.3(1.6) 1.39 " 0.2 +9.6% " 11.3% +2.8% " 2.8% +x.y% " x.y%
tøtW + 13 412.0(0.32) 397.6(0.32) 1.49 " 3.5 +12.7% " 11.4% +2.0% " 2.0% +2.8% " 2.4%
tøtW ! 13 208.6(0.16) 203.2(0.16) 1.51 " 2.6 +13.3% " 11.7% +2.1% " 2.1% +2.4% " 3.4%

Table 6.29: InclusivetøtV cross sections at NLO QCD and NLO QCD+EW accuracy for
!

s = 13 TeV. NLO
QCD+EW results represent the best predictions and should be used in experimentsal analyses. Scale, PDF, and#s

uncertainties are quoted in percent. Absolute statistical uncertainties are indicated in parenthesis. Collider energy
and cross sections are in TeV and femtobarn, respectively.

Process
!

s ! NLO
QCD ! NLO

QCD+EW K QCD "EW [%] Scale[%] PDF[%] #S[%]
tøtZ 14 1018(2.2) 1015(2.2) 1.40 " 0.3 +9.6% " 11.2% +2.7% " 2.7% +x.y% " x.y%
tøtW + 14 474.9(0.36) 458.2(0.36) 1.51 " 3.5 +13.2% " 11.6% +1.9% " 1.9% +x.y% " x.y%
tøtW ! 14 244.5(0.17) 238.0(0.17) 1.54 " 2.7 +13.8% " 11.8% +2.0% " 2.0% +x.y% " x.y%

Table 6.30: InclusivetøtV cross sections at NLO QCD and NLO QCD+EW accuracy for
!

s = 14 TeV. NLO
QCD+EW results represent the best predictions and should be used in experimentsal analyses. Scale, PDF, and#s

uncertainties are quoted in percent. Absolute statistical uncertainties are indicated in parenthesis. Collider energy
and cross sections are in TeV and femtobarn, respectively.

tøtZ cross section atO(#s#
2). However their effect is almost completely cancelled by the contribution2341

of thebøbchannel at the same order.2342

Effects ofO(#) related to the QED evolution of PDF and initial-state photons are included in2343

the same way as discussed in Sect.2 for tøtH production: (i) all NLO QCD+EW predictions for par-2344

tonic channels with initial-state gluons and quarks are computed using the PDF4LHC15 set with 30+22345

members; (ii) for$-induced channels NNPDF2.3QED set (with#s(M Z) = 0 .118) is used; (iii) the ef-2346

fect of the QED evolution of quark PDF is estimated from the difference between NNPDF2.3QED and2347

NNPDF2.3 parton densities as indicated in (6.5), and for a more detailed discussion we referto Sect.2.2348

Similarly as fortøtH production, the effect of QED PDF evolution is negative and ranges from" 0.6%to2349

" 0.8%.2350

Corrections of order#2#2
s resulting from the emission of and extra heavy boson have been dis-2351

cussed in [166]. Although they enter at the same perturbative order as the NLO EW corrections totøtV2352

production, such contribution represent separate physics processes, namely tøt production in associated2353

with two vector bosons. Corresponding predictions at NLO QCD are presented in Sect.7.3.2354

Predictions for inclusivetøtV cross sections at NLO QCD+EW for
!

s = 13 and14 TeV are listed2355

in Tables6.29Ð6.30. The impact of QCD and EW corrections is shown in the form of a QCD correction2356

factor2357

K QCD =
! NLO

QCD

! LO
QCD

, (6.38)

and a relative EW correction factor2358

"EW = "! EW / ! NLO
QCD . (6.39)

Electroweak corrections include all LO and NLO EW effects discussed above, i.e. also those arising form2359

the QED evolution of PDF. All quantities in (6.38)Ð(6.39) are obtained using NLO QCD PDF. Results2360

in Tables6.29Ð6.30 have been obtained with MADGRAPH5_AMC@NLO [48]. A cross check against2361

an independent calculation based on SHERPA+OPENLOOPS[175] has conÞrmed the correctness of NLO2362

QCD+EW predictions at the level of the quoted statistical accuracy (0.1Ð0.2%).2363

The size of the corrections as well as the scale and PDF+#s uncertainties vary very little form 132364

to 14 TeV. FortøtW ± production the QCD and EW corrections as well as the NLO scale uncertainties2365

torization and renormalization scales, both at integrated and di! erential level. To this aim
we deÞne here the variable that will be used as renormalization and factorization scales.

Besides the usage of Þxed scale, we will in general explore the e! ect of dynamical scales
depending on the transverse masses(mT,i ) of the Þnal-state particles. SpeciÞcally, we will
employ the arithmetic mean of the mT,i of the Þnal-state particles (µa) and the geometric
mean (µg), which are deÞned as

µa =
HT

N
:=

1
N

!

i =1 ,N (+1)

mT,i , (2.1)

µg :=

"

#
$

i =1 ,N

mT,i

%

&

1/N

, (2.2)

In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+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 theMSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
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 tomt = 173 GeV and the mass of the Higgs
boson to mH = 125 GeV, 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 Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

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

For all the processes, and especially fortøt" ,[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 deÞned
excluding the partons from real emission and, in the region where mT,i Õs 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 toH T / 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 di ! erent values of !
can be obtained by simply rescaling the numbers listed in this paper.

Ð 4 Ð

Reference results for ATLAS and CMS analyses at the Run-II of the LHC.
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100 TeV
Sudakov Logs are huge, example for Drell Yan: 
 -10% at s ~  TeV and more than -100% at s >10 TeV
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1 Electroweak corrections2

The electroweak coupling constant ↵ is more than a factor of 10 smaller than the QCD coupling con-
stant ↵s, and therefore perturbative corrections from QCD are typically much larger than those from
electroweak effects. From the size of the coupling constants, one can expect that NLO electroweak
corrections are roughly comparable to NNLO QCD corrections. For colliders at relatively low energies
(such that the partonic center of mass energy does not exceed the electroweak scale significantly), this
scaling in general holds, but of course depends on the process under consideration.

At partonic energies which far exceed the electroweak scale, however, electroweak corrections
receive a logarithmic enhancement. For each power in the electroweak coupling constant, one finds two
powers of the logarithm

LV (s) = ln

m2
V

s
, (1)

where
!
s is the partonic center of mass of the hard collision. This implies that each order in perturbation

theory gives a factor
↵

4⇡
L2

V (s) . (2)

For a concrete example, consider the Drell-Yan process pp " `+`�, where ` denotes either an electron
or a muon. At fixed order, the elecroweak corrections due to the exchanges of W and Z bosons are given
by

�NLO
(s)

�LO
(s)

= 1 #
↵

4⇡

!
1.56L2

W (s) + 1.78L2
Z (s) + . . .

"
(3)

where we have only kept the terms enhanced by two powers of LV (s). For
!
s ! TeV electroweak

corrections are at the 10% level and above, and for
!
s ! 10 TeV the corrections become larger than the

Born results, such that fixed order electroweak perturbation theory is expected to break down completely.
Note that the virtual corrections in the above results are infrared (IR) finite by themselves. This

is contrary to virtual corrections involving massless gauge bosons, which are IR divergent, and only
yield finite answers when they are combined with the soft and collinear radiation of real massless gauge
bosons. The reason is that the soft and collinear divergences that are present for massless gauge theories
are regulated by the masses of the vector bosons, such that both the virtual and the real radiation are
separately finite, albeit with logarithmic sensitivity to the gauge boson masses. This makes of course
physical sense; the real radiation of massive gauge bosons (even those with infinitely soft or collinear
momentum) can always be observed experimentally, such that both the virtual and real contributions
lead to experimentally observable cross sections and therefore they have to be finite by themselves. The

1Editor: F. Piccinini
2Editor: F. Piccinini
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1 Electroweak corrections2

The electroweak coupling constant! is more than a factor of 10 smaller than the QCD coupling con-
stant! s, and therefore perturbative corrections from QCD are typically much larger than those from
electroweak effects. From the size of the coupling constants, one can expect that NLO electroweak
corrections are roughly comparable to NNLO QCD corrections. For colliders at relatively low energies
(such that the partonic center of mass energy does not exceed the electroweak scale signiÞcantly), this
scaling in general holds, but of course depends on the process under consideration.

At partonic energies which far exceed the electroweak scale, however, electroweak corrections
receive a logarithmic enhancement. For each power in the electroweak coupling constant, one Þnds two
powers of the logarithm

L V (s) = ln
m2

V

s
, (1)

where
!

s is the partonic center of mass of the hard collision. This implies that each order in perturbation
theory gives a factor

!
4"

L 2
V (s) . (2)

For a concrete example, consider the Drell-Yan processpp " #+#�, where#denotes either an electron
or a muon. At Þxed order, the elecroweak corrections due to the exchanges ofW andZ bosons are given
by

$NLO(s)
$LO(s)

= 1 #
!
4"

⇥
1.56L 2

W (s) + 1 .78L 2
Z (s) + . . .

⇤
(3)

where we have only kept the terms enhanced by two powers ofL V (s). For
!

s & TeV electroweak
corrections are at the 10% level and above, and for

!
s & 10 TeV the corrections become larger than the

Born results, such that Þxed order electroweak perturbation theory is expected to break down completely.

Note that the virtual corrections in the above results are infrared (IR) Þnite by themselves. This
is contrary to virtual corrections involving massless gauge bosons, which are IR divergent, and only
yield Þnite answers when they are combined with the soft and collinear radiation of real massless gauge
bosons. The reason is that the soft and collinear divergences that are present for massless gauge theories
are regulated by the masses of the vector bosons, such that both the virtual and the real radiation are
separately Þnite, albeit with logarithmic sensitivity to the gauge boson masses. This makes of course
physical sense; the real radiation of massive gauge bosons (even those with inÞnitely soft or collinear
momentum) can always be observed experimentally, such that both the virtual and real contributions
lead to experimentally observable cross sections and therefore they have to be Þnite by themselves. The
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Fig. 15: Same as Fig.11, now we showing the total integrated cross-section above a minimum value of
the invariant mass of the dilepton pairmmin . The leptons are required to have a transverse momentum
pe±

T ! 100GeV and to lie in the rapidity range|! e±
| " 2.5 (4.0) in the left (right) plot.

at 100 TeV can be found in Sect.?? of this report. In the calculation, we keep theW boson stable so
that we can estimate the effects due only to the"+ "! luminosity, as opposed to also the matrix-element
enhancements. In Fig.12 we show the differential distributions for the invariant mass of the di-boson
pair mW + W ! using the same format as for di-lepton production in Fig.11. In the left plot we have
not imposed any acceptance cut, while in the right plot the rapidity of the electroweak gauge bosons is
required to satisfy|! W ± | " 4.

First of all, we observe that also forW + W ! production the contribution from the lepton PDFs
can be safely neglected, as was the case in di-lepton production. On the other hand, the photon-initiated
contribution dominates over the quark-antiquark annihilation formW + W ! ! 7.5 TeV in the case of
realistic selection cuts. One should however take into account that this## contribution is affected by
very substantial PDF uncertainties for all the relevant range ofmW + W ! values.

As in the case of di-lepton production, the increase of the relative importance of the## channel
for largemW + W ! is consistent with the behaviour of the! !! and! qøq luminosities shown in Fig.10.
Again, no suppression froms-channel diagrams is present in## # W + W ! production, leading to a
further relative enhancement with respect to theqøq channel at highmW + W ! . On the other hand, in the
##-channel theW bosons are produced more peripherally than in theqøq-channel. Therefore, the cut
in pseudorapidity reduces the relative impact of the## channel, but it does not modify the qualitative
conclusions.

In Fig. ?? we show a similar comparison as that in Fig.12, but now plotting the total integrated
cross-section above a minimum value of the invariant mass of theW + W ! pair mmin , rather than the
cross-section per bin. The rapidity of theW bosons is restricted to lie in the|! W ±

| " 2.5 (4.0) region
in the left (right) plot. Therefore, the rates for di-boson production will be substantial even for invariant
masses as large asmmin $ 20TeV, specially if also hadronic decay channels can be reconstructed.

To summarize, in this contribution we have explored the impact of photon- and lepton-initiated

21

Fig. 13: PDF luminosities for the quark-quark (qq), quark-antiquark (qøq) and gluon-gluon (gg) initial
states compared with the different photon- and lepton-initiated channels, as a function of the invariant
massM X of the Þnal-state system (left) and of its rapidityy (right). The central and lower panels show
the corresponding 68% conÞdence level PDF uncertainties in the various cases. Note that in the right
plot the rapidityy is that of the Þnal-state system, not the rapidity of the Þnal-state particles. In the
rapidity-dependent luminosity, the minimum value of the Þnal-state invariant mass is set toM X, cut = 10
GeV.

In Fig. 10 we compare the size and the shape of the different parton luminosities for an hadron
collider with a center of mass energy

!
S = 100 TeV, both as a function of the invariant massM X

(left plot) and of the Þnal-state system rapidityy (right plot), for a hadron collider with a center-of-mass
energy

!
s = 100 TeV. For the rapidity-dependent luminosities, we impose a cut ofM X, cut = 10 GeV.

In Figs.10 we also plot the corresponding 68% conÞdence level PDF uncertainties for each luminosity
type, separating the luminosities involving photon or lepton PDFs (central panel) and those involving
only quarks or gluons (lower panel).

The relative size of the plotted luminosities follows the expected pattern. In general, the photon
PDF suppresses the luminosity by a factor of! " 10! 2 with respect to the (anti)quark PDFs and, anal-
ogously, the lepton PDFs suppress the luminosity by an additional factor of! with respect to the photon
PDF. This can be easily seen in Fig.10, e.g.by comparing! !" (" !" ) with ! !! (" !! ) and! "+ "! (" "+ "! ),
the three lowest curves. However, from Fig.10 we also notice that this hierarchy is not satisÞed at large
invariant masses. In this kinematic region, largeM X , one is probing PDFs at rather large values ofx,
and here the pure-QCD luminosity combinations,! qøq, ! gq and ! gg, become closer to the luminosi-
ties involving photons and leptons, with important phenomenological implications: as opposed to the
naive expectation, photon- and lepton-initiated contributions can become as large as the standard quark-
initiated contributions. It can be shown that this effect is partially caused by the relative behaviour of the
strong coupling! s with respect to the QED coupling! as functions of the scaleM X , together with the
fact that PDF uncertainties for the photon (and thus for the lepton) PDFs at large-x are huge,# 50%for
M X # 10TeV, see the central panel of Fig.10 (left).
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100 TeV
We calculated EW corrections at 100 TeV for similar distributions 
in different “simple processes”: 

At the same time, we estimated the impact of the photon PDF 
(central value and errors) at 100 TeV. 

 transverse momenta and invariant masses in:      VV, HV, tt
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what’s going on?
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Diagrams made by MadGraph5_aMC@NLO
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for W + Z and W " Z production, respectively. This result can be obtained from Eqs. (13,15) by
replacing MZ with MW . This explains why the corrections for the pZ

T distributions are a little
bit larger than the corresponding pW ±

T ones. We observe that Eq. (16) differs from the result
of Ref. [14]. Numerically, we get ∆K qg = 12.61 (6) and 17.22 (7.60) for leading-logarithmic
approximation (full calculation) for pW +

T and pW !

T distributions, respectively, at pT = 700 GeV.
For pZ

T distributions, we get ∆K qg = 14.22 (6.30) and 19.42 (9.00) for leading-logarithmic
approximation (full calculation) for W + Z and W " Z , respectively.
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Figure 9: W and Z transverse momentumpT (in TeV) distributions of the NLO QCD corrections
(using ∆K) to pp " W + Z (upper left and right respectively) and pp " W " Z (lower left and right
respectively) cross sections at the LHC, calculated withMRST2004QED PDF set and with the input
parameters described in Section 3.1.

As for the EW effects, the NLO corrections for the transverse momentum distributions
are shown in Fig. 10. In both channels and for both transverse momenta the effect of the

12

photon radiated processes is negligible. Comparing to theZZ case, we observe that the virtual
correction is signiÞcantly less negative. This suggests that there are more cancellations between
negative double-logarithm and positive single-logarithm correctionsin the W ± Z cases. More
striking is the di! erence in the photon-quark induced corrections,it is +60% for the pW !

T
distribution, while only +0 .3% for theZZ case, at 700 GeV. The di! erence betweenW + Z and
W ! Z channels is also clearly visible: in the upper panels the photon-quark induced processes
(in dotted dashed blue) in theW + Z channel compensate nearly exactly the e! ect of the virtual
corrections (in dotted red) reducing the total EW corrections toless than! +10% on the whole
transverse momentum range both for theW and Z bosons, while in the case ofW ! Z process
the photon-quark induced corrections are larger, driving the EW corrections to ! +30% for
pW !

T ! 700 GeV and! +20% for pZ
T ! 700 GeV. In both channels the di! erence with the

ZZ channel is much more enhanced than in the QCD case, and the key di! erence is that the
W ± can couple to the photon in the EW case. This introduces a new Feynman diagram with
t-channel W ± exchange in the 2" 2 process and a new possibility of radiating a softW ±

from the initial-state photon. A detailed calculation is presented in the Appendix with all the
intermediate steps. To explain thepZ

T distribution we have to consider softW ± radiation as in
the QCD case. ForpZ

T # MW we get
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whereW ±
! means that the photon PDF must be used and

au = 1 $
QdcL,d

QucL,u
, ad = 1 $

QucL,u

QdcL,d
. (18)

In order to obtain the results in Eq. (17) we have used the following identities, which are true
in the high-energy limit,

cot ! W Au! " W + d
L $ AuW ! " Zd

LT = aW auAu! " Zu
L ,

cot ! W Ad! " W ! u
L $ AdW + " Zu

LT = $ aW adAd! " Zd
L , (19)

where all the gauge bosons are transverse. This is because the longitudinal-mode contributions
to Eq. (17) vanish in the high-energy limit pT # MZ . Therefore, all the gauge bosons are
transverse in all leading-logarithmic results presented in this paper. More details are given in
the Appendix. For pW ±

T # MZ with soft Z radiation we have
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The main reason why the photon-quark induced corrections are much larger in the W Z

case than in theZZ case is because the cross sectionsd" d! " W ! u
L , d" u! " W + d

L , d" dW +
! " Zu

LT and

13- The large growth for high pt in NLO QCD corrections and photon-quark 
in NLO EW have similar origins: the same cuts may suppress both effects. 
!
- The photon couples to the W, originating new t-channel configurations 
that enhance the relative size of photon-quark contributions in NLO EW. 
NLO QCD corrections do not exhibit similar features.

See also Baglio, Ninh,Weber ‘13
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what’s going on?
HW 

At variance with VV processes, Log^2 
enhancements in pt distributions are not 
present at NLO QCD or EW; there is not 
photon-quark or gluon-quark to Higgs + 
jet at tree level that can factorize W or Z 
soft and collinear emission. 
!
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Diagrams made by MadGraph5_aMC@NLO

u~
5

a

2

u~

h

3

w+

4

w+

d~

1

 diagram 1 QCD=0, QED=3

u~

5

d~

1

w+

a
2

w+
4

w+

h 3

 diagram 2 QCD=0, QED=3

u~

5

d~

1

w+

h

3

w+

4

w+

a

2

 diagram 3 QCD=0, QED=3

a

2

d~

1

d~

h

3

w+

4

w+

u~

5

 diagram 4 QCD=0, QED=3

However, HW is produced only via s-channel at LO, while the photon-
quark initial state introduces t-channels via W and photon interaction, 
which are much less suppressed for high m(HW) and lead to huge 
(100-600) K-factors. 
!
Heavy Boson Radiation (HBR) is of the same perturbative order and the 
same numerical size of “genuine” NLO EW corrections.  



what if additional cuts are applied?
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Cuts on H and W pseudo rapidities strongly reduce the photon-quark 
contribution at high m(HW), without affecting LO and NLO QCD results. 
Besides HW, cuts can in general strongly affect size of radiative 
corrections: Which cuts and on which particles at 100 TeV?  
!
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1. The impact of the photon PDF on WZ distributions

In the following we show few plots obtained with the standaloneMadGraph5 aMC@NLO code for NLO
EW corrections to W Z productions. The results shown are obtained with the default setting provided with
the code and can be used as reference for further simulations. Thus, the factorization scale is set equal to

µ =
HT

2
=

1
2

!

i

mT,i , (1.1)

where the sum of the transverse masses runs over all the Þnal-state particles, i.e., also the radiated photon
or jet at NLO. Since no ! s is entering at LO or NLO EW, no dependence on the renormalization scale is
present. The PDF set used is the NNPDF2.3QED.1 All the plots are obtained via the manipulation of the
data contained in the MADatNLO.HwUproduced after every run. Also the e! ect of the scale variation, which
is not taken into account here, can be extracted by this Þle if it is necessary.

We show before plots without any cuts applied and then vetoing jets withpT (j ) > 30 GeV in order to
stress the potentially huge impact of a jet veto in the evaluation the photon-induced contribution. All the
plots refer to the speciÞcpp ! W+Z process, but also the corresponding ones frompp ! W ! Z can be
extracted from the MADatNLO.HwUÞle.

In Þgure 1 we show the e! ect of the NLO EW corrections to the pT (W+) distribution with (red) and
without (blue) the e ! ect of the photon PDF included. In the left plot we show the NLO EW corrections
alone, without the LO contributions. The solid line is the central value, the same-color dashed lines are the
border of the PDF uncertainty bands. The central plot displays the same quantities of the left plot divided
by the central value of the LO contribution, i.e., it shows the percentage relative corrections due to the
NLO EW. As can be seen, the PDF error for the corrections without photon PDF is completely negligible,
whereas in the case with the photon PDF is huge. The component due to the initial-state photons can be
safely accounted by subtracting to the red lines (both the solid and dashed ones) the solid blue line.2 This
is exactly what is displayed in the right plot in black and can be considered as the e! ect due to initial state
photons in the EW corrections.

The completely analogous plots for the" (W+) and m(W+Z ) distributions are shown in Þgures2 and 3,
respectively. The impact is smaller in these two plots w.r.t the case of Þgure1, where the corrections are
extremely large. However, as shown in the next Þgures, corrections in general strongly depend on a possible
jet veto.
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Figure 1: Plots for pT (W + )

1Besides the MRST2004QED, which does not have un uncertainty band, there is also a new set from CTEQ14 with a photon
PDF. If it is used, the code cannot at the moment evaluate correctly the uncertainty band. We can speak about it in a second
moment if it is necessary.

2Here we assume that the PDF error for NLO EW corrections without initial-state photons is completely negligible. So
we subtract the central value to both the central value and the PDF-uncertainty-band extremes of the case with initial-state
photons.
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In Þgure 4, 5 and 6 we show the same distributions, but vetoing jets with pT (j ) > 30 GeV. As can be
noted, the impact of the jet veto is dramatic, reducing the impact of photon-initiated contributions.
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In Þgure 4, 5 and 6 we show the same distributions, but vetoing jets with pT (j ) > 30 GeV. As can be
noted, the impact of the jet veto is dramatic, reducing the impact of photon-initiated contributions.
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second point suggests also thata priori not only EW correc-
tions but also photon-induced contributions may be in gen-
eral important for processes at the LHC and must not be ne-
glected. For the case oftøt production, given the experimen-
tal precision that has been reached at the LHC and especially
will be achieved in the Run-II, a combination of higher-order
QCD corrections, beyond the NLO, and EW corrections, in-
cluding photon-induced contributions, is mandatory for provid-
ing a precise and reliable SM predictions. This is relevant not
only for top physics but also for all the analyses that featuretøt
production as background, notably those related to the Higgs
boson and new physics.
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Have not NLO EW already been calculated?

YES, 

!BUT

!
!
We (re)evaluated LO EW and NLO EW orders 
including all the photon-induced channels and we 
compared results obtained with NNPDF2.3QED, 
CTEQ14QED, the two modern PDF sets including 
the photon density. 
!
CANCELLATION SUDAKOV and PHOTON 
INITIATED?

!
!
photon-induced only at LO and only with the old 
MRST2004QED PDF set
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The different photon PDFs

NNPDF2.3QED: fit from DIS and reweighing with DY data. No 
assumption for the functional form at initial scale. QED and QCD running 
are independent. (APFELNN23_QED consistently run together)

All PDFs  sets are at NLO QCD + LO QED accuracy

CTEQ14QED: ansatz for the photon at the initial scale 
!
!
coefficient Au and Ad set equal. Constrains via DIS + photon on momentum 
fraction at the initial scale. QCD and QED evolution consistently run with 
the same scale. 
MRST2004QED: same ansatz of CTEQ14QED but  
so no constraints from data. 
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renormalisation of! s is performed in the Þve-ßavour scheme,
while EW parameters are chosen in theGµ -scheme, with

Gµ = 1.1663787á10! 5 GeV! 2 . (2.9)

Since NLO EW corrections ofO(! 2
s ! ) to tøt hadroproduction

do not involve the renormalization of! , the choice of a differ-
ent EW scheme will not change our results in a visible way.
The CKM matrix is taken as the identity.

Unless differently speciÞed, we use a dynamical reference
scale for the central values of the renormalization (µr) and fac-
torisation (µ f ) scales deÞned as

µ =
HT

2
=

1
2 !

i
mT,i , (2.10)

where the sum of the transverse masses runs over all the Þnal-
state particles. In all cases theoretical uncertainties due to miss-
ing higher orders are estimated via independent variations ofµr
andµ f in the interval{ µ/ 2,2µ} .

It is worth to note that theNNPDF2.3QEDset is in the
variable-ßavour scheme with six active ßavours, which forµ >
mt is equivalent to the six-ßavour scheme. On the contrary,
in CT14QED the active ßavours are Þve, leading to the Þve-
ßavour scheme also forµ > mt . As we said, we renormalise! s
in the Þve-ßavour scheme for all the predictions; for the com-
parison between theNNPDF2.3QEDandCT14QEDresults we
simply change the PDF set without modifying the calculation
framework. The change of scheme can be easily performed
by following the recipe described in [37] and based on [38],
which, at NLO QCD + NLO EW accuracy, has a direct effect
only on theq øq-induced contribution to" NLO QCD. We explicitly
veriÞed that the numerical impact of such a change of renor-
malization scheme is always much smaller of the scale uncer-
tainty and furthermore cancels in any ratio involving" NLO QCD
both at the numerator and the denominator. Thus, it has not any
inßuence on the discussion presented in this work.

3 Photon PDF and parton luminosities

In this section we discuss in some details the different mod-
elling of the photon PDF in theNNPDF2.3QED, CT14QED
andMRST2004QEDsets. Although for all the three PDF sets
the DGLAP evolution is performed at NLO QCD + LO QED
accuracy1, very different and crucial assumptions underlie the
determination of the photon PDF#(x,Q). These differences
mainly concern the following three aspects. First, the ansatz
for #(x,Q) at the initial scaleQ = Q0. Second, the different
datasets which are used in the Þt. Third, the practical imple-
mentation of the DGLAP evolution from the initial scaleQ0 to
the scaleQ.

In Þg.1 we show the photon PDF for the different sets at
the scalesQ = (3,173,5000) GeV. As it can be seen, these as-
sumptions affect the dependence onx andQ for both the central

1 In the case of NNPDF2.3QED, PDFs at NNLO QCD + LO QED
accuracy as well as at LO QCD + LO QED accuracy are also available.
However we considered here only the NLO QCD + LO QED case,
consistently with the other PDF sets discussed.

value and the uncertainty band2. The main reasons for the dif-
ferences can be traced to the different assumption for the pho-
ton PDF at the initial scale and in differences in the QCD+QED
evolution. In particular:

Ð Consistently with the approach pursued for coloured par-
tons, inNNPDF2.3QEDno functional form is speciÞed for
the photon PDF at the initial scale,#(x,Q0). The photon
PDF is only constrained to be positive. In a Þrst step, PDF
replicas for all the partons are Þt together from DIS-data
only. Afterwards, they are further constrained by Drell-Yan
data form the LHC Run-I at 7 TeV. At variance with DIS,
neutral-current Drell-Yan is sensitive to the photon PDF al-
ready at LO, and it can put stronger constraints on#(x,Q0).
Because of the positivity requirement for the photon PDF,
the replicas distribute in a very non-Gaussian way around
the central value. The prescription suggested in order to de-
termine a 68% CL uncertainty band consists in the evalua-
tion of the symmetric error including 68 of the 100 replicas
around the central value. Since no model is assumed for the
photon PDF and no data are present for largex, in this re-
gion uncertainties are very large and the central value alone
is meaningless, leading even to an unphysical peak at very
largex, which can be seen in Þg.1.

Ð The CT14QED and MRST2004QEDsets are based on a
completely different assumption for#(x,Q) at the initial
scaleQ = Q0. Since the amount of data for constraining
the shape of the photon PDF is limited,#(x,Q0) is chosen
to be described by an ansatz; the photon PDF atQ = Q0
is assumed to be completely determined by the valence
quark distributions. SpeciÞcally, inCT14QEDandMRST-
2004QEDthe photon parameterisation at the initial scale
Q0 GeV reads

f#/ p(x,Q0) =
!
2$

!
Aue2

u ÷P#q " u0(x)+Ade2
d ÷P#q " d0(x)

"
.

(3.1)

In eq. (3.1) ÷P#q " f 0(x) corresponds to the convolution of
the splitting function÷P#q(x) with the so-called ÒprimordialÓ
quark distributionf 0(x), which for CT14QEDandMRST-
2004QEDare taken to be the initial up and down valence
distributions fromCT14NLO[39] andMRST2004[40], re-
spectively.
More importantly, inCT14QED Au is set equal toAd in
order to obtain a dependence on a single parameter. Con-
versely, inMRST2004QED, the coefÞcientsAi are given by
Ai = ln

!
Q2

0/ m2
i
"
, wheremi are the ÒCurrent MassÓ (CM)

of the quarks (mu = 6 MeV andmd = 10 MeV). Thus, the
case ofCT14QEDis a generalisation of the original ansatz
used inMRST2004QED, where the photon PDF is simply
determined by the CM for the up and the down quark. The
CT14QEDset leaves freedom for the value ofmi in theAi
coefÞcients, which can be alternatively parameterised by
the momentum fractionp0

# carried by the photon at the ini-
tial scale. The constraints onp0

# and consequently on the
photon PDF are then obtained by Þtting the ZEUS data [41]

2 The red dotted curve labelled as APFEL_NN23 will be explained
after in the text.
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where the sum of the transverse masses runs over all the Þnal-
state particles. In all cases theoretical uncertainties due to miss-
ing higher orders are estimated via independent variations ofµr
andµ f in the interval{µ/ 2,2µ}.

It is worth to note that theNNPDF2.3QEDset is in the
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in CT14QED the active ßavours are Þve, leading to the Þve-
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in the Þve-ßavour scheme for all the predictions; for the com-
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simply change the PDF set without modifying the calculation
framework. The change of scheme can be easily performed
by following the recipe described in [37] and based on [38],
which, at NLO QCD + NLO EW accuracy, has a direct effect
only on theqøq-induced contribution to" NLO QCD. We explicitly
veriÞed that the numerical impact of such a change of renor-
malization scheme is always much smaller of the scale uncer-
tainty and furthermore cancels in any ratio involving" NLO QCD
both at the numerator and the denominator. Thus, it has not any
inßuence on the discussion presented in this work.
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In this section we discuss in some details the different mod-
elling of the photon PDF in theNNPDF2.3QED, CT14QED
andMRST2004QEDsets. Although for all the three PDF sets
the DGLAP evolution is performed at NLO QCD + LO QED
accuracy1, very different and crucial assumptions underlie the
determination of the photon PDF#(x,Q). These differences
mainly concern the following three aspects. First, the ansatz
for #(x,Q) at the initial scaleQ = Q0. Second, the different
datasets which are used in the Þt. Third, the practical imple-
mentation of the DGLAP evolution from the initial scaleQ0 to
the scaleQ.

In Þg.1 we show the photon PDF for the different sets at
the scalesQ = ( 3,173,5000) GeV. As it can be seen, these as-
sumptions affect the dependence onx andQ for both the central

1 In the case of NNPDF2.3QED, PDFs at NNLO QCD + LO QED
accuracy as well as at LO QCD + LO QED accuracy are also available.
However we considered here only the NLO QCD + LO QED case,
consistently with the other PDF sets discussed.

value and the uncertainty band2. The main reasons for the dif-
ferences can be traced to the different assumption for the pho-
ton PDF at the initial scale and in differences in the QCD+QED
evolution. In particular:

Ð Consistently with the approach pursued for coloured par-
tons, inNNPDF2.3QEDno functional form is speciÞed for
the photon PDF at the initial scale,#(x,Q0). The photon
PDF is only constrained to be positive. In a Þrst step, PDF
replicas for all the partons are Þt together from DIS-data
only. Afterwards, they are further constrained by Drell-Yan
data form the LHC Run-I at 7 TeV. At variance with DIS,
neutral-current Drell-Yan is sensitive to the photon PDF al-
ready at LO, and it can put stronger constraints on#(x,Q0).
Because of the positivity requirement for the photon PDF,
the replicas distribute in a very non-Gaussian way around
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photon PDF and no data are present for largex, in this re-
gion uncertainties are very large and the central value alone
is meaningless, leading even to an unphysical peak at very
largex, which can be seen in Þg.1.

Ð The CT14QED and MRST2004QEDsets are based on a
completely different assumption for#(x,Q) at the initial
scaleQ = Q0. Since the amount of data for constraining
the shape of the photon PDF is limited,#(x,Q0) is chosen
to be described by an ansatz; the photon PDF atQ = Q0
is assumed to be completely determined by the valence
quark distributions. SpeciÞcally, inCT14QEDandMRST-
2004QEDthe photon parameterisation at the initial scale
Q0 GeV reads

f#/ p(x,Q0) =
!
2$

!
Aue2

u
÷P#q⌦u0(x)+ Ade2

d
÷P#q⌦d0(x)

"
.

(3.1)

In eq. (3.1) ÷P#q⌦ f 0(x) corresponds to the convolution of
the splitting function÷P#q(x) with the so-called ÒprimordialÓ
quark distributionf 0(x), which for CT14QEDandMRST-
2004QEDare taken to be the initial up and down valence
distributions fromCT14NLO[39] andMRST2004[40], re-
spectively.
More importantly, inCT14QED Au is set equal toAd in
order to obtain a dependence on a single parameter. Con-
versely, inMRST2004QED, the coefÞcientsAi are given by
Ai = ln

!
Q2

0/ m2
i

"
, wheremi are the ÒCurrent MassÓ (CM)

of the quarks (mu = 6 MeV andmd = 10 MeV). Thus, the
case ofCT14QEDis a generalisation of the original ansatz
used inMRST2004QED, where the photon PDF is simply
determined by the CM for the up and the down quark. The
CT14QEDset leaves freedom for the value ofmi in theAi
coefÞcients, which can be alternatively parameterised by
the momentum fractionp0

# carried by the photon at the ini-
tial scale. The constraints onp0

# and consequently on the
photon PDF are then obtained by Þtting the ZEUS data [41]

2 The red dotted curve labelled as APFEL_NN23 will be explained
after in the text.

Figure 9: Feynman diagrams for the Born-level partonic subprocesses which contribute to
the production of dilepton pairs in hadronic collisions.

3 The photon PDF from W and Z production at the LHC

The photon PDF ! (x,Q2) determined in the previous section from a Þt to DIS data is
a! ected by very large uncertainties. This suggests that its impact on predictions for hadron
collider processes to which the photon PDF contributes already at leading order could
be substantial, and thus, conversely, that data on such processes might provide further
constraints. In this section we use the simplest of such processes, namely, electroweak
gauge boson production, to constrain the photon PDF.

At hadron colliders, the dilepton production process receives contributions at Born
level both from quark-initiated neutral current Z/! ! exchange and from photon-initiated
diagrams, see Fig. 9, and thus the contributions from! (x,Q2) must be included even in a
pure leading-order treatment of QED e! ects. Photon-initiat ed contributions to dilepton
production at hadron colliders were recently emphasized inRef. [13], whereO(" ) radiative
corrections to this process [3, 5Ð13] were reassessed, and also kinematic cuts to enhance
the sensitivity to ! (x,Q2) were suggested.

Beyond the Born approximation, radiative corrections to the neutral-current process,
as well as the charged-current process, which starts atO (" ) (see Fig. 10 for some repre-
sentative Feynman diagrams) may be comparable in size to theBorn level contribution,
because the suppression due to the extra power of" might be compensated by the enhance-
ment arising from the larger size of the quark-photon partonluminosity in comparison to
the photon-photon luminosity. However, a full inclusion of O(" ) corrections would require
solving evolution equations to NLO in the QED and mixed QED+Q CD terms, so it is
beyond the scope of this work; we will nevertheless discuss an approximate inclusion of
such corrections which, while not allowing us to claim more than LO accuracy in QED,
should ensure that NLO QED corrections are not unnaturally large.

We use neutral and charged-current Drell-Yan production data from the LHC to further
constrain the photon PDF, thereby arriving at our Þnal NNPDF 2.3QED PDF sets. As
discussed in the introduction, we do this by combining the photon PDF from NNPDF2.3
DIS-only set discussed in the previous section with the standard NNPDF2.3 PDF set,
and then using gauge boson production data to reweight the result. We discuss Þrst this
two-step Þtting procedure, and then the ensuing NNPDF2.3QED PDF set and its features.
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FIG. 3: Amplitudes for the process ep ! e! + X. For each diagram shown there is an additional

diagram where the photon is emitted o! the initial-state lep ton or quark.

outgoing quark was necessary to remove the divergence in the amplitude as the photon o! -
shellness went to zero in the LL amplitude. A hybrid calculation was also considered by the

ZEUS Collaboration in their analysis of the DIS plus isolated photon data [9], where the LL
component of the quark-initiated subprocess of GGP was replaced by the photon-initiated

subprocess of MRST.

In this section we introduce a consistent and systematic method of combining the photon-

and quark-initiated subprocesses, which also reduces the factorization scale dependence of

either calculation. First, consider the calculation of the di! erential cross section as a power

series in ! without consideration of the relative size of f γ and f q. It can be written as a

convolution over partonic cross sections

d" =
∑

a

∫ 1

0

d#f a(#, µF )d"̂ a , (13)

where each of the partonic cross sections can be expanded in a power series in ! ,

d"̂ a =
∑

n

d"̂ (n)
a . (14)

The diagram in Fig. 3(a) corresponds to a LO contribution (a = $; n = 0), while the

diagrams in Figs. 3(b,c) correspond to NLO contributions (a = q,q̄; n = 1). Through NLO

in ! the cross section can still be written as a sum of LL , QQ, and QL components,

d" = d" (LL ) + d" (QQ) + d" (QL ) , (15)

where the LL component also includes the photon-initiated contribution,

d" (LL ) =

∫ 1

0

d#

[

f γ(#, µF )d"̂ γ +
∑

a=q,q̄

f a(#, µF )d"̂ (LL )
a

]

, (16)

photon is emitted o! the initial-state lepton or quark as well as o! the Þnal-state lepton or quark.

9
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Fig. 1. Comparison of the photon PDF for MRST2004QED, CT14QED, NNPDF2.3QED and APFEL_NN23 sets at Q = 3 GeV, Q =
173 GeV and Q = 5000 GeV.

Fig. 2. Comparison of the g! luminosity for MRST2004QED, CT14QED, NNPDF2.3QED and APFEL_NN23 sets at 8, 13 and 100 TeV.

for the production of isolated photons in Deep-Inelastic-
Scattering (DIS), ep! e! + X, a process which is sensitive
to the photon PDF already at LO. In this way, the constraint
p!

0 . 0.14% is set at 90% CL for the photon PDF, at the
initial scale of Q0 = 1.295 GeV. For this reason, the uncer-
tainty band in CT14QED corresponds to the area between
the p!

0 = 0.14% and p!
0 = 0% predictions; no central, or

preferred value is given in this approach. Since in MRST-
2004QED the photon PDF is simply determined from the
quark PDF assuming CM for the up and the down quark,
no uncertainty band is provided. Moreover, for this set, no
constraints from data enter in the determination of the pho-
ton PDF.

– All three PDF sets implement the DGLAP evolution at NLO
QCD+LO QED accuracy. However, while the scale is evol-
ved simultaneously with the same value for the QCD and
QED evolution in CT14QED and MRST2004QED, in NN-
PDF2.3QED the two scales are run independently. The ef-
fect from the different evolution can be seen by comparing
the plots in fig. 1, which display the same quantities at dif-
ferent factorisation scales. At Q= 3 GeV the central values

of the three sets are different, although the CT14QED and
NNPDF2.3QED photons are well compatible within the un-
certainty. At large Q, while CT14QED and MRST2004QED
converge to similar values, the prediction from NNPDF2.3-
QED is different. This trend is particularly visible at small
x and for large scales, where the photon PDF mostly stems
from the quark densities via the DGLAP evolution. How-
ever, it is worth to remind that a new correct implementa-
tion of the coupled QCD+QED DGLAP equations is now
also available in APFEL [42] and has been described in [43]
in the context of the determination of new sets of PDFs in-
cluding also lepton members. 3 In fig. 1 we included also a
red dashed line labelled APFEL_NN23, which corresponds
to the central value for the set denoted as “C2” in [43].
This set is the same of NNPDF2.3QED at the initial scale
Q0 = 1 GeV, but it is different at larger scales due to the dif-
ferent treatment of the evolution. Indeed, the photon PDF in

3 During the writing of this article also a new set NNPDF3.0QED
has been released and it includes the correct DGLAP running at
(N)NLO QCD + LO QED accuracy.
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Fig. 2.Comparison of theg! luminosity for MRST2004QED, CT14QED, NNPDF2.3QED and APFEL_NN23 sets at 8, 13 and 100 TeV.

for the production of isolated photons in Deep-Inelastic-
Scattering (DIS),ep! e! +X, a process which is sensitive
to the photon PDF already at LO. In this way, the constraint
p!

0 ! 0.14% is set at 90% CL for the photon PDF, at the
initial scale ofQ0 = 1.295 GeV. For this reason, the uncer-
tainty band inCT14QEDcorresponds to the area between
the p!

0 = 0.14% andp!
0 = 0% predictions; no central, or

preferred value is given in this approach. Since inMRST-
2004QEDthe photon PDF is simply determined from the
quark PDF assuming CM for the up and the down quark,
no uncertainty band is provided. Moreover, for this set, no
constraints from data enter in the determination of the pho-
ton PDF.

Ð All three PDF sets implement the DGLAP evolution at NLO
QCD+LO QED accuracy. However, while the scale is evol-
ved simultaneously with the same value for the QCD and
QED evolution inCT14QEDandMRST2004QED, in NN-
PDF2.3QEDthe two scales are run independently. The ef-
fect from the different evolution can be seen by comparing
the plots in Þg.1, which display the same quantities at dif-
ferent factorisation scales. AtQ= 3 GeV the central values

of the three sets are different, although theCT14QEDand
NNPDF2.3QEDphotons are well compatible within the un-
certainty. At largeQ, while CT14QEDandMRST2004QED
converge to similar values, the prediction fromNNPDF2.3-
QED is different. This trend is particularly visible at small
x and for large scales, where the photon PDF mostly stems
from the quark densities via the DGLAP evolution. How-
ever, it is worth to remind that a new correct implementa-
tion of the coupled QCD+QED DGLAP equations is now
also available inAPFEL[42] and has been described in [43]
in the context of the determination of new sets of PDFs in-
cluding also lepton members.3 In Þg.1 we included also a
red dashed line labelledAPFEL_NN23, which corresponds
to the central value for the set denoted as ÒC2Ó in [43].
This set is the same ofNNPDF2.3QEDat the initial scale
Q0 = 1 GeV, but it is different at larger scales due to the dif-
ferent treatment of the evolution. Indeed, the photon PDF in

3 During the writing of this article also a new set NNPDF3.0QED
has been released and it includes the correct DGLAP running at
(N)NLO QCD + LO QED accuracy.
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Figure 8: Feynman diagrams for photon inducedtt production at lowest order.

2.3 Photon-induced t t production

In addition to the previously mentioned NLO QED contributions we also have to
inspect the photon-induced production channels. These comprise at lowest order the
gluonÐphoton fusion amplitudes illustrated in Fig. 8.

In general, photon-induced partonic processes vanish at the hadronic level unless
the NLO QED e! ects are taken into account. A direct consequence of including these
e! ects into the evolution of parton distribution functions(PDFs) is the non-zero photon
density in the proton, which leads to photon-induced contributions at the hadronic level
by convoluting the photon-induced partonic cross sectionswith the PDFs at NLO QED.
Since the photon distribution function is of orderα they are formally not of the same
overall order as the other NLO QED contributions. Numerically, however, they turn
out to be sizeable, and we therefore include them in our discussion.

As the PDFs at NLO QED have become available only recently [42], the photon-
induced hadronic processes have not yet been investigated.Here we present the Þrst
study of these e! ects on the top pair production.

3 Hadronic cross section for pp, p p ! t tX

For obtaining the hadronic cross section we have to convolute the various partonic
cross sections with the corresponding parton densities andsum over all contributing
channels, adding up contributions of the non-radiative andradiative processes. As
already mentioned, only the sum of all virtual and real corrections is IR Þnite. Final
step is the factorization of the remaining mass singularities.

3.1 Mass factorization

The mass-singular logarithmic terms proportional to lnmq are not canceled in the sum
of virtual and real corrections. They originate from collinear photon emission o! the
incoming light quarks. In analogy to the factorization of collinear gluon contributions,
they have to be absorbed into the parton densities.

This can be formally achieved by replacing the bare quark distributions qi (x) for
each ßavor by the appropriate scale dependent distributions qi (x, Q2) in the following
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The photon PDF is very different in the different sets. The different treatment 
of the QED and QCD evolution has a huge impact at small x and large Q, but 
not on ttbar phenomenology.  
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Fig. 4.Differential distributions for thepT(t) at 13 TeV. The format of the plots is described in detail in the text.
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Fig. 5.Differential distributions for them(tøt) at 13 TeV. The format of the plots is described in detail in the text.

4 Predictions at 13 and 100 TeV

In this section we discuss the impact of the EW corrections
and the photon PDF on several distributions at 13 and 100 TeV.
In particular, we focus on the top-pair invariant massm(tøt), the
transverse momentum of the top quarkpT(t), and the rapidities
of the top quarky(t) andtøt pairy(tøt). Predictions for the LHC at
13 TeV are shown in Þgs.4-9, while those for a Future Circular
Collider (FCC) at 100 TeV are shown in Þgs.10-15. Unless

differently speciÞed, results are obtained with no cut imposed
on the Þnal-state particles.

In each Þgure we show two plots for the same observable,
displaying in the left plot, denoted as Òno! Ó, predictions with
the photon PDF artiÞcially set equal to zero. The reason be-
hind this choice is manyfold. First of all, the comparison of left
and right plots allows to gauge the impact of the photon PDF on
both the central value and PDF uncertainties of the electroweak
contributions. Furthermore, in the plots on the left it is possible
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Fig. 6.Differential distributions for them(tøt) at 13 TeV with|y(t)|, |y(øt)| < 2.5 cuts applied. The format of the plots is described in detail in the
text.
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Fig. 7.Differential distributions for they(t) at 13 TeV. The format of the plots is described in detail in the text.

to observe the impact of the Sudakov logarithms, which can
be hidden by the compensation given by the photon-induced
processes included in the plots on the right. Last but not least,
whereas the EW corrections in the right plots strongly depend
on the PDF set used and may possibly change with future im-
proved determination of the photon PDF, the plots on the left
display the subset of the EW corrections that is expected to be
stable under future PDF determination.

In each plot the main panel includes the distributions for
! LO QCD, ! QCD and! QCD+ EW predictions as deÞned in equa-
tions (2.3)-(2.7). The four insets below the main panel dis-
play ratios of several quantities over the! LO QCD central value.
In the Þrst inset we plot this ratio for the central values of
! LO EW, ! NLO QCD and ! NLO EW, i.e., the other perturbative
orders which we consider. The second and third inset respec-
tively present the! QCD+ EW/ ! LO QCD ratio including the scale
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Fig. 8.Differential distributions for they(tøt) at 13 TeV. The format of the plots is described in detail in the text.
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Fig. 9.Differential distributions for they(t) at 13 TeV with the cutm(tøt) > 1 TeV. The format of the plots is described in detail in the text.

and PDF uncertainties for the numerator. In the last inset we
present the! EW/ ! LO QCD ratio with the PDF uncertainties for
the numerator. All the results in the plots are obtained with the
NNPDF2.3QEDPDF set, with the PDF uncertainty computed
at the 68% CL. However, plots on the right, including effects
due to the photon PDF, also show (in the last inset) the ratio

! EW/ ! LO QCD computed with theCT14QED PDF set.5 For
this particular set two predictions are shown, which correspond
to a momentum fraction carried by the photon at the initial scale
of 0% and 0.14%; as explained in sect.3 this interval corre-
sponds to the uncertainty band ofCT14QED.

5 Only for this ratio, also the! LO QCD quantity has been evaluated
with the CT14QED PDF set.
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Fig. 10. Differential distributions for thepT(t) at 100 TeV. The format of the plots is described in detail in the text.
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Fig. 11. Differential distributions for them(tøt) at 100 TeV. The format of the plots is described in detail in the text.

ranges for the abscissae.7 By comparing plots in Þgs.10-13
with their corresponding ones at 13 TeV, it can be noticed that
the impact of the photon PDF is strongly reduced at 100 TeV.
In each Þgure, the plot on the right (with photons in the ini-
tial state) does not exhibit any qualitatively different behaviour
w.r.t. the plot on the left. The smaller impact of the photon-
induced contributions at 100 TeV w.r.t the 13 TeV case is due

7 We provided a few representative results also in [47].

to the different range ofx spanned in the PDFs; keeping the
hardness of the process Þxed, a larger energy of the hadronic
collisions corresponds to probing smaller values ofx, where
parton luminosities involving photons are suppressed with re-
spect to those involving QCD partons, as shown in Þg.3. For
the same reason, the impact of the photon PDF at the LHC at 8
TeV is even larger than at 13 TeV, as it will be discussed in the
next session. Moreover, at 100 TeV, for a given value ofpT(t)
or m(tøt), EW corrections are slightly smaller than at 13 TeV
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Fig. 14.Integrated distributions for thepT(t) at 100 TeV. The format of the plots is described in detail in the text.
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Fig. 15.Integrated distributions for them(tøt) at 100 TeV. The format of the plots is described in detail in the text.

all the production processes (see also the EW section in [47]).
At such large scales, also theg! luminosity is not negligible,
and indeed the size and the PDF uncertainty of the EW correc-
tions is very different in the left and right plots. Once again, the
prediction obtained withCT14QEDis similar to the case where
the photon PDF has been set to zero. As in the case of 13 TeV,
we observed similar changes in the tail of them(tøt) distribution
by applying the|y(t)|, |y(øt)| < 4 cuts,i.e., mimicking the ex-
pected coverage of the future detector. Sudakov logarithms are

enhanced, photon contributions are not visibly changed, and
the " NLO QCD/ " LO QCD ratio in the Þrst inset decreases in the
tail as observed in Þg.14.
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Fig. 17.Comparison of ATLAS data from ref. [50] and NLO QCD+EW predictions computed with MMHT2104 (left) and NNPDF2.3QED
(right) PDF sets.
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Fig. 17. Comparison of ATLAS data from ref. [50] and NLO QCD+EW predictions computed with MMHT2104 (left) and NNPDF2.3QED
(right) PDF sets.
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High-Precision Di ! erential Predictions for Top-Quark Pai rs at the LHC
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We present the Þrst complete next-to-next-to-leading orde r (NNLO) QCD predictions for di ! er-
ential distributions in the top-quark pair production proc ess at the LHC. Our results are derived
from a fully di ! erential partonic Monte Carlo calculation w ith stable top quarks which involves no
approximations beyond the Þxed-order truncation of the per turbation series. The NNLO correc-
tions improve the agreement between existing LHC measurements [V. Khachatryan et al. (CMS
Collaboration), Eur. Phys. J. C 75, 542 (2015)] and standard model predictions for the top-quark
transverse momentum distribution, thus helping alleviate one long-standing discrepancy. The shape
of the top-quark pair invariant mass distribution turns out to be stable with respect to radiative
corrections beyond NLO which increases the value of this observable as a place to search for physics
beyond the standard model. The results presented here provide essential input for parton distri-
bution function Þts, implementation of higher-order e ! ects in Monte Carlo generators as well as
top-quark mass and strong coupling determination.

INTRODUCTION

There is remarkable overall agreement between stan-
dard model (SM) predictions for top-quark pair produc-
tion and LHC measurements. Measurements of the total
inclusive cross section at 7, 8, and 13 TeV [1Ð5] agree well
with next-to-next-to leading order (NNLO) QCD pre-
dictions [6Ð11]. Di! erential measurements of Þnal state
leptons and jets are generally well described by exist-
ing NLO QCD Monte Carlo (MC) generators. Concern-
ing top-quark di ! erential distributions, the description of
the top-quark pT has long been in tension with data [12Ð
14]; see also the latest di! erential measurements in the
bulk [15] and boosted top [16] regions. The Þrst 13 TeV
measurements have just appeared [17, 18] and they show
similar results; i.e., MC predictions tend to be harder
than data.

This ÒpT discrepancyÓ has long been a reason for con-
cern. Since the top quark is not measured directly, but
is inferred from its decay products, any discrepancy be-
tween top-quark-level data and SM prediction implies
that, potentially, the MC generators used in unfolding
the data may not be accurate enough in their description
of top-quark processes. With the top quark being a main
background in most searches for physics beyond the SM
(BSM), any discrepancy in the SM top-quark description
may potentially a! ect a broad class of processes at the
LHC, including BSM searches and Higgs physics.

The main ÒsuspectsÓ contributing to such a discrep-
ancy are higher order SM corrections to top-quark pair
production and possible deÞciencies in MC event gener-
ators. A goal of this work is to derive the NNLO QCD
corrections to the top-quark pT spectrum at the LHC
and establish if these corrections bridge the gap between
LHC measurements, propagated back to top-quark level
with current MC event generators, and SM predictions
at the level of stable top quarks.
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FIG. 1: Normalized top-antitop pT distribution vs CMS
lepton+jets data [15]. NNLO error band from scale vari-
ation only. The lower panel shows the ratios LO/NNLO,
NLO/NNLO, and data/NNLO.

Our calculations are for the LHC at 8 TeV. They show
that the NNLO QCD corrections to the top-quark pT

spectrum are signiÞcant and must be taken into account
for proper modeling of this observable. The e! ect of
NNLO QCD correction is to soften the spectrum and
bring it closer to the 8 TeV CMS data [15]. In addition
to the top-quark pT , all major top-quark pair di ! erential
distributions are studied as well.
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Fig. 16.Comparison of CMS data from ref. [48] and NLO QCD+EW predictions computed with MMHT2104 (left) and NNPDF2.3QED (right)
PDF sets.



CONCLUSION 
!
The code is ready to be public for NLO QCD + EW corrections with massive 
final states. Several studies have already been performed, in particular, 
photon-PDF issues have been extensively studied. 
!
!
!
It is time for final states involving photons, leptons, jets and missing ET, 
which is what is detected for real at the experimental level. (DIJET 
PROJECT) 
All the FKS and CMS ingredients are there, the bottleneck for a public 
version is the jet definition (Stefano’s talk). Speed performances should be 
also tested. 

contributions from: 
Frederix, Frixione, Hirschi, Pagani, Shao, Tsinikos, Zaro
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Fig. 3.Comparison of theg! , ggandqøq luminosities for the NNPDF2.3QED set at 8, 13 and 100 TeV.

APFEL_NN23is very close to the one ofNNPDF2.3QED
only at largex, while for smallx and largeQ it converges to
the values ofCT14QEDandMRST2004QED. This proves
that the discrepancy between the different sets at smallx
and largeQ is completely driven by the different treatment
of the DGLAP evolution.

In Þg.2 we show the photon-gluon luminosity as function
of the invariant massM for the three PDF sets considered at
8, 13 and 100 TeV, with the factorization scaleQ set equal to
M. In the Þrst inset we show for every luminosity the ratio of
their values atQ = M andQ = mt, while in the second(third)
inset we show atQ = M(Q = mt) the ratio of every luminosity
over the corresponding central value withNNPDF2.3QED. For
the entire range inM considered at the three different proton-
proton-collision energies, theCT14QEDand NNPDF2.3QED
photon-gluon luminosities are barely compatible or not com-
patible at all. The slightly better compatibility withQ = mt is
mainly due to the larger uncertainty band inNNPDF2.3QED.

It is important to note that the behaviour of the photon PDF
at smallx and largeQ, the region where differences among
the PDF sets are the largest (see Þg.1) and are determined
by the different QCD+QED DGLAP evolution, is not of par-
ticular interest for our study. Indeed, as can be seen in Þg.2,
the APFEL_NN23g! luminosity is very close to theNNPDF-
2.3QEDone and inside its uncertainty band. The insensitivity
of our study on the different treatment of QCD+QED DGLAP
running is in principle expected for most of the predictions at
the LHC, since large factorization scalesQ are typically not
correlated with small values ofx. Moreover, at small values of
M, where small values ofx can be probed, the PDFs of quarks
and gluons are much larger than the photon PDF, leading to a
relative suppression of photon-initiated contributions.

In order to determine at which values ofM the photonÐ
gluon luminosity is actually expected to be relevant intøt hadro-
production, in Þg.3 we show the photon-gluon, gluon-gluon
and quark-antiquark luminosities forNNPDF2.3QEDsets at 8,
13 and 100 TeV. These plots will also become useful to un-

derstand the dependence of" EW/ " LO QCD on the scale deÞni-
tion. 4

The solid lines refer to the luminosities withQ = M, with
the uncertainty band shown only for the photon-gluon case.
The same-colour dashed lines are the corresponding quantities
with Q = mt. The ratios between predictions withQ = M and
with Q = mt is shown in the Þrst inset. The luminosities atQ =
M are in general of the same order or smaller than atQ = mt,
with the exception of the 100 TeV case forM . 10 TeV. In
particular at 8 and 13 TeV, in the range ofM . 1 TeV the lu-
minosities ofgg andqøq strongly reduce atQ = M with respect
to Q = mt, while the photon-gluon luminosity is less sensitive
to the value ofQ. Since in the TeV range the negative con-
tributions from Sudakov logarithms in thegg andqøq channels
and the positive photon-gluon contribution tend to cancel each
other, larger scales lead to larger values of" EW/ " LO QCD. This
effect will be discussed both in sect.4 for predictions at 13 TeV
and in sect.5, where the" QCD+ EW/ " QCD ratio will be com-
pared to the experimental accuracy reached at the LHC mea-
surements at 8 TeV. In the second(third) insets we also show
the ratios of thegg andqøq luminosities over theg! luminosity
atQ= M(Q= mt) in order to better identify at which scales the
g! contribution is expected to be relevant. From these insets,
the hierarchy betweengg andqøq channels can also be easily
derived.

In conclusion, the different results for photon-induced pro-
cesses and consequently for EW corrections obtained with the
different PDF sets discussed in this article have to be attributed
mainly to the different assumptions that underlie the determi-
nation of! (x,Q) at the initial scaleQ = Q0 and the choice of
the factorisation scale, but not to the different treatment of the
DGLAP NLO QCD+LO QED evolution.

4 In our calculation there are also contribution from quark-photon
initial states, however, as it will be discussed in sect.4, their contribu-
tion is small so we decided to exclude the corresponding luminosities
from the discussion in this section for the sake of clarity.
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Fig. 18.Comparison of ATLAS data from ref. [49] and NLO QCD+EW predictions computed with MMHT2104 (left) and NNPDF2.3QED
(right) PDF sets.

ator and the denominator. On top of this, as anticipated in the
last point in sect.3, gg, qøq andg! luminosities have a different
dependence onµ f . Moreover, at LO theg! channel contributes
only to" LO EW, which features only one power of#s and thus a
different dependence onµr w.r.t. " LO QCD. While the Sudakov
logarithms are negative and proportional to thegg andqøq con-
tributions to" LO QCD, theg! contributions to" EW are positive.
Consequently, the cancellation of this two classes of contribu-
tions both entering" EW depends onµ. All these effects are
present in any distribution on the right withNNPDF2.3QED.
However, in the rapidity distributions there is no Sudakov en-
hancement andmt ! HT/ 2, especially for large rapidities, so
only a small difference for the caseµ = m(tøt) is visible.

In conclusion, the impact of the photon PDF and also its
dependence on the scale choice should be in general taken into
account for the determination of the theory uncertainties.

6 Conclusions and outlook

In this work we studied the impact of EW corrections and pho-
ton-induced contributions on top-quark differential distributions
at 8, 13 and 100 TeV. We compared predictions with two diffe-
rent modern PDF sets including the photon density and DGLAP
evolution at NLO QCD + LO QED accuracy: theCT14QED
andNNPDF2.3QEDPDF sets. While contributions due to the
photon PDF are negligible withCT14QED, this is not the case
for NNPDF2.3QED, where such contributions at 13 TeV are
sizeable and are affected by large PDF uncertainties. At high
pT(t) and m(tøt), the photon-induced contributions can com-
pensate the negative contributions of Sudakov logarithms or
even change the sign of the EW corrections. Furthermore, we
have shown that such a compensation strongly depends on the

scale choice. In rapidity distributions, the impact of theg! ini-
tial state is sizeable in the peripheral region and much larger
than NLO EW corrections, which do not receive large Sudakov
enhancements in these kinematical conÞgurations.

Increasing the energy of the collider, photon-induced chan-
nels become less relevant for a Þxed value ofpT(t) or m(tøt),
since smaller values ofx are probed and consequently the quark
and gluon PDFs are much larger than the photon PDF. At 100
TeV, photon-induced channels are important only in the very
boosted regime (pT(t) ! 5 TeV or m(tøt) ! 10 TeV), where
Sudakov logarithms are negative and above the 20% level.

For the same reason, at the LHC photon-induced contribu-
tions are relatively larger at 8 TeV than at 13 TeV. We computed
their size for the same differential (and normalised) distribu-
tions already analysed by ATLAS and CMS, taking into ac-
count both experimental errors and theory uncertainties. Data
from 8 TeV at large rapidities already appear to be sensitive to
the photon PDF; with smaller experimental errors, as expected
at 13 TeV, such a sensitivity may be reached also at largepT(t)
andm(tøt).

In conclusion, our analyses showed two important points.
First, differential observables in top-pair production, in partic-
ular y(t) andy(tøt) rapidities, can be used to improve the deter-
mination of the photon PDF within theNNPDFapproach. Sec-
ond, given the status of the current available PDF sets, both EW
corrections and photon-induced contribution have to be taken
into account for a correct determination of both central values
and uncertainties of theoretical predictions. The Þrst point is
particularly relevant for a future Þt with LHC 13 TeV data at
(N)NLO QCD as well NLO QED accuracy, which will pre-
sumably return a better determination of the photon PDF and
consequently, with smaller uncertainties, a more solid com-
parison with the ansatz for! (x,Q0) used inCT14QED. The

photon PDF YESphoton PDF    NO

8 TeV 
we have data 
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Automation of NLO corrections in Madgraph5_aMC@NLO
What do we mean with automation of EW corrections?

generate process [ QCD] 
output process_ QCD 

generate process [ QCD EW] 
output process_ QCD_EW 

The possibility of calculating QCD and EW corrections for SM processes 
(matched to shower effects) with a process-independent approach.

The automation of NLO QCD has been achieved, but we need higher precision 
to match the experimental accuracy at the LHC and future colliders.

- NNLO QCD automation is out of our theoretical capabilities at the moment. 
- NLO EW corrections are of the same order (          ), the Sudakov logarithms   

       can enhance their size. NLO QCD and EW corrections can be automated.

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 afully realistic analysis at
the level of Þnal states. We have shown that, in the case oftøtH inclusive production, these
processes may in fact not be entirely negligible in precision phenomenology studies.

We have compared theO(! 2
S ! 2) predictions with those of O(! 3

S ! ), which constitute
the dominant (in terms of coupling hierarchy) contribution to NLO e! ects. 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 signiÞcantly larger than the w hole O(! 2

S ! 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 conÞguration), which can be done by either
looking directly at the relevant kinematics, or at the inclu sive level by applying suitable
cuts; both options have been considered here. The main conclusion is that, in these regions,
e! ects of weak origin play an important role, and that O(! 2

S ! 2) results may be numerically
of the same order as theO(! 3

S ! ) ones. Therefore,tøtH production appears to follow the same
pattern as other processes, where Sudakov logarithms can induce signiÞcant 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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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



in progress 
(almost DONE)

Automation of NLO corrections in Madgraph5_aMC@NLO

MadLoop

 MC@NLOCutTools

FKS 

FKS MadGraph!
aMC@NLO

The complete automation for QCD+EW is in progress.

DONE!

DONE! in progress



Structure of NLO EW-QCD corrections

_s
2_2__s

3 _s_
3 _4

_2_s_s
2_ _3

!
LO 

Process O(A) O(! )

gg ! tøtH ! 1
s! 1/ 2 ! 2

s! 1

qøq ! tøtH, q "= b ! 1
s! 1/ 2, ! 3/ 2 ! 2

s! 1, ! 3

qøq ! tøtH, q = b ! 1
s! 1/ 2, ! 3/ 2 ! 2

s! 1, ! 1
s! 2, ! 3

Table 1: Born-level partonic processes relevant totøtH 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: RepresentativeO(! 1
s! 1/ 2) Born-level diagrams.
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Real RQCD ,0 = O(! 3/ 2
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EW
Virtual VEW ,0 = O(! 1

s! 3/ 2) VEW ,1 = O(! 5/ 2)

Real REW ,0 = O(! 1
s! 1) REW ,1 = O(! 2)

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 Þnal-state particle mentioned
before must be chosen in a set larger than the one relevant to asingle-coupling series. In
particular, for the case of tøtH production with stable top quarks and Higgs, such a set is:

!
g, q, t, Z, W± , H, "

"
, (2.5)

where the light quark q may also be ab 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 r esulting one-loop or real-emission
diagram as a QCD-type contribution, and a EW-type contribut ion otherwise2. The idea
of this amplitude-level classiÞcation 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 ÒQCD correctionsÓ and ÒEW
correctionsÓ must not be interpreted literally. The classiÞcation just introduced is used in
table 2: for a given Born-level amplitude Bi associated with a deÞnite 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 Þnally consider all possible combinations Bi áV! ,j , RQCD ,i áRQCD ,j ,
and REW ,i áREW ,j and associate them with the relevant amplitude-squared quantities ! 4,q.
Note that one must not consider the RQCD ,i áREW ,j combinations, owing to the fact that
the two amplitudes here are relevant to di" erent Þnal 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 entersVQCD ,1)
obtained by exchanging a gluon between the øq and øt legs of the diagram to the left of Þg. 2
is the same diagram as that (which entersVEW ,0) obtained by exchanging aZ between the
q and intermediate-t legs of the diagram to the right of Þg. 1. This fact does not pose any

2An alternative classiÞcation (equivalent to that used here when restricted to tøtH 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, thetypical situation being that where some
massless particles in the set of eq. (2.5) are present at the Born level.
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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.
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s! 1/ 2) Born-level diagrams.

Figure 2: RepresentativeO(! 3/ 2) Born-level diagrams.

tøtH 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 ! k,q # ! k0+ p,q, with p $ 0, for
the NpLO coe" cients; k0 is then a Þxed, process-speciÞc integer associated with theBorn
cross section, equal to 3 intøtH production. The integer q identiÞes the various terms of
eqs. (2.1) and (2.2). We have conventionally chosen to associate increasing values ofq with
! k0+ p,q coe" cients (at Þxedp) which are increasingly suppressed in terms of the hierarchy
of the coupling constants, ! % ! S . Thus, q = 0 corresponds to the coe" cient with the
largest (smallest) power of ! S (! ), and conversely for q = qmax. This maximum value
qmax that can be assumed byq is process- and perturbative-order-dependent, and it grows
with the number of amplitudes that interfere and that factor ise di#erent coupling-constant
combinations; in the case oftøtH production at the LO, this can be seen by comparing the
two rightmost columns of table 1.

We propose that the coe" cient ! k0+ p,q be called the leading (whenq = 0), or the
(q+ 1) th -leading (when q $ 1, i.e. second-leading, third-leading, and so forth), termof the
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where the light quark q may also be ab 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 r esulting one-loop or real-emission
diagram as a QCD-type contribution, and a EW-type contribut ion otherwise2. The idea
of this amplitude-level classiÞcation 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 ÒQCD correctionsÓ and ÒEW
correctionsÓ must not be interpreted literally. The classiÞcation just introduced is used in
table 2: for a given Born-level amplitude Bi associated with a deÞnite 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 Þnally consider all possible combinations Bi áV! ,j , RQCD ,i áRQCD ,j ,
and REW ,i áREW ,j and associate them with the relevant amplitude-squared quantities ! 4,q.
Note that one must not consider the RQCD ,i áREW ,j combinations, owing to the fact that
the two amplitudes here are relevant to di" erent Þnal 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 entersVQCD ,1)
obtained by exchanging a gluon between the øq and øt legs of the diagram to the left of Þg. 2
is the same diagram as that (which entersVEW ,0) obtained by exchanging aZ between the
q and intermediate-t legs of the diagram to the right of Þg. 1. This fact does not pose any

2An alternative classiÞcation (equivalent to that used here when restricted to tøtH 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, thetypical situation being that where some
massless particles in the set of eq. (2.5) are present at the Born level.
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qøq ! tøtH, q = b ! 1
s! 1/ 2, ! 3/ 2 ! 2

s! 1, ! 1
s! 2, ! 3

Table 1: Born-level partonic processes relevant totøtH 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: RepresentativeO(! 1
s! 1/ 2) Born-level diagrams.

Figure 2: RepresentativeO(! 3/ 2) Born-level diagrams.

tøtH 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 ! k,q # ! k0+ p,q, with p $ 0, for
the NpLO coe" cients; k0 is then a Þxed, process-speciÞc integer associated with theBorn
cross section, equal to 3 intøtH production. The integer q identiÞes the various terms of
eqs. (2.1) and (2.2). We have conventionally chosen to associate increasing values ofq with
! k0+ p,q coe" cients (at Þxedp) which are increasingly suppressed in terms of the hierarchy
of the coupling constants, ! % ! S . Thus, q = 0 corresponds to the coe" cient with the
largest (smallest) power of ! S (! ), and conversely for q = qmax. This maximum value
qmax that can be assumed byq is process- and perturbative-order-dependent, and it grows
with the number of amplitudes that interfere and that factor ise di#erent coupling-constant
combinations; in the case oftøtH production at the LO, this can be seen by comparing the
two rightmost columns of table 1.

We propose that the coe" cient ! k0+ p,q be called the leading (whenq = 0), or the
(q+ 1) th -leading (when q $ 1, i.e. second-leading, third-leading, and so forth), termof the
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in the context of a mixed QCD-EW expansion, the virtual or Þnal-state particle mentioned
before must be chosen in a set larger than the one relevant to asingle-coupling series. In
particular, for the case of tøtH production with stable top quarks and Higgs, such a set is:

!
g, q, t, Z, W± , H, "

"
, (2.5)

where the light quark q may also be ab 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 r esulting one-loop or real-emission
diagram as a QCD-type contribution, and a EW-type contribut ion otherwise2. The idea
of this amplitude-level classiÞcation 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 ÒQCD correctionsÓ and ÒEW
correctionsÓ must not be interpreted literally. The classiÞcation just introduced is used in
table 2: for a given Born-level amplitude Bi associated with a deÞnite 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 Þnally consider all possible combinations Bi áV! ,j , RQCD ,i áRQCD ,j ,
and REW ,i áREW ,j and associate them with the relevant amplitude-squared quantities ! 4,q.
Note that one must not consider the RQCD ,i áREW ,j combinations, owing to the fact that
the two amplitudes here are relevant to di" erent Þnal 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 entersVQCD ,1)
obtained by exchanging a gluon between the øq and øt legs of the diagram to the left of Þg. 2
is the same diagram as that (which entersVEW ,0) obtained by exchanging aZ between the
q and intermediate-t legs of the diagram to the right of Þg. 1. This fact does not pose any

2An alternative classiÞcation (equivalent to that used here when restricted to tøtH 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, thetypical situation being that where some
massless particles in the set of eq. (2.5) are present at the Born level.

Ð 7 Ð

Born B0 = O(! 1
s! 1/ 2) B1 = O(! 3/ 2)

QCD
Virtual VQCD ,0 = O(! 2

s! 1/ 2) VQCD ,1 = O(! 1
s! 3/ 2)

Real RQCD ,0 = O(! 3/ 2
s ! 1/ 2) RQCD ,1 = O(! 1/ 2

s ! 3/ 2)

EW
Virtual VEW ,0 = O(! 1

s! 3/ 2) VEW ,1 = O(! 5/ 2)

Real REW ,0 = O(! 1
s! 1) REW ,1 = O(! 2)

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 Þnal-state particle mentioned
before must be chosen in a set larger than the one relevant to asingle-coupling series. In
particular, for the case of tøtH production with stable top quarks and Higgs, such a set is:

!
g, q, t, Z, W± , H, "

"
, (2.5)

where the light quark q may also be ab 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 r esulting one-loop or real-emission
diagram as a QCD-type contribution, and a EW-type contribut ion otherwise2. The idea
of this amplitude-level classiÞcation 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 ÒQCD correctionsÓ and ÒEW
correctionsÓ must not be interpreted literally. The classiÞcation just introduced is used in
table 2: for a given Born-level amplitude Bi associated with a deÞnite 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 Þnally consider all possible combinations Bi áV! ,j , RQCD ,i áRQCD ,j ,
and REW ,i áREW ,j and associate them with the relevant amplitude-squared quantities ! 4,q.
Note that one must not consider the RQCD ,i áREW ,j combinations, owing to the fact that
the two amplitudes here are relevant to di" erent Þnal 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 entersVQCD ,1)
obtained by exchanging a gluon between the øq and øt legs of the diagram to the left of Þg. 2
is the same diagram as that (which entersVEW ,0) obtained by exchanging aZ between the
q and intermediate-t legs of the diagram to the right of Þg. 1. This fact does not pose any

2An alternative classification (equivalent to that used here when restricted to t t̄H 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.

Ð 7 Ð

If it is a photon, 
there are new 
IR singularities



LO QCD                     LO EW                     

NLO QCD                     

    production: numerical results

Alpha(mZ)-scheme,    NNPDF2.3_QED,                       ,   

and adopted the MSTWnlo2008 [68] PDFs with the associatedαS (mZ ) for all NLO as
well as LO predictions (since we are chießy interested in assessing e! ects 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 =
H T

2
!

1
2

!

i

"
m2

i + p2T (i ) , (3.3)

where the sum runs over all Þnal-state particles. The theoretical uncertainties due to the
µR and µF dependencies that a! ect the coe" cient # 4,0 have been evaluated by varying
these scales independently in the range:

1
2

µ " µR , µF " 2µ , (3.4)

and by keeping the value ofα Þxed. 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 Þnal-state cuts are applied (i.e. fully
inclusive), and a ÒboostedÓ 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 (øt) # 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 e! ects will have a bigger impact there than in the whole of the
phase space. We shall report in sect. 3.1 our predictions fortotal rates, for the three
collider c.m. energies and in both the fully inclusive and the boosted scenario. In sect. 3.2
several di! erential 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 Ð 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 andNLO QCD contributions are
computed in the same way as has been done previously withMadGraph5 aMC@NLO or
its predecessoraMC@NLO in refs. [21,44]. There are small numerical di! erences (O(3%))
with ref. [44], which are almost entirely due to the choice ofthe value of α, and to a very
minor extent to that of mt. As far as ref. [21] is concerned, di! erent choices had been made
there for the top and Higgs masses, and for the reference scale.
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Contributions

torization and renormalization scales, both at integrated and di! erential level. To this aim
we deÞne here the variable that will be used as renormalization and factorization scales.

Besides the usage of Þxed scale, we will in general explore the e! ect of dynamical scales
depending on the transverse masses(mT,i ) of the Þnal-state particles. SpeciÞcally, we will
employ the arithmetic mean of the mT,i of the Þnal-state particles (µa) and the geometric
mean (µg), which are deÞned as

µa =
HT

N
:=

1
N

!

i =1 ,N (+1)

mT,i , (2.1)

µg :=

"

#
$

i =1 ,N

mT,i

%

&

1/N

, (2.2)

In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+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 theMSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
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 tomt = 173 GeV and the mass of the Higgs
boson to mH = 125 GeV, 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 Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

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

For all the processes, and especially fortøt" ,[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 deÞned
excluding the partons from real emission and, in the region where mT,i Õs 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 toH T / 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 di ! erent values of !
can be obtained by simply rescaling the numbers listed in this paper.
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order of NLO EW.

of the same order as theO(! 3
S ! ) ones. Therefore,tøtH production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce signiÞcant 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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The Photon PDF (with large uncertainties) 
enters in LO EW and NLO EW.

define p = p b b~ a 
generate p p > t t~ h [ QCD QED] 
output ttbarh_ QCD_QED 



LO QCD                     LO EW                     

NLO QCD                     

    production: numerical results

Alpha(mZ)-scheme,    NNPDF2.3_QED,                       ,   

and adopted the MSTWnlo2008 [68] PDFs with the associatedαS (mZ ) for all NLO as
well as LO predictions (since we are chießy interested in assessing e! ects 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 =
H T

2
!

1
2

!

i

"
m2

i + p2T (i ) , (3.3)

where the sum runs over all Þnal-state particles. The theoretical uncertainties due to the
µR and µF dependencies that a! ect the coe" cient # 4,0 have been evaluated by varying
these scales independently in the range:

1
2

µ " µR , µF " 2µ , (3.4)

and by keeping the value ofα Þxed. 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 Þnal-state cuts are applied (i.e. fully
inclusive), and a ÒboostedÓ 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 (øt) # 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 e! ects will have a bigger impact there than in the whole of the
phase space. We shall report in sect. 3.1 our predictions fortotal rates, for the three
collider c.m. energies and in both the fully inclusive and the boosted scenario. In sect. 3.2
several di! erential 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 Ð 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 andNLO QCD contributions are
computed in the same way as has been done previously withMadGraph5 aMC@NLO or
its predecessoraMC@NLO in refs. [21,44]. There are small numerical di! erences (O(3%))
with ref. [44], which are almost entirely due to the choice ofthe value of α, and to a very
minor extent to that of mt. As far as ref. [21] is concerned, di! erent choices had been made
there for the top and Higgs masses, and for the reference scale.
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Contributions

torization and renormalization scales, both at integrated and di! erential level. To this aim
we deÞne here the variable that will be used as renormalization and factorization scales.

Besides the usage of Þxed scale, we will in general explore the e! ect of dynamical scales
depending on the transverse masses(mT,i ) of the Þnal-state particles. SpeciÞcally, we will
employ the arithmetic mean of the mT,i of the Þnal-state particles (µa) and the geometric
mean (µg), which are deÞned as

µa =
HT

N
:=

1
N

!

i =1 ,N (+1)

mT,i , (2.1)

µg :=

"

#
$

i =1 ,N

mT,i

%

&

1/N

, (2.2)

In these two deÞnitionsN is the number of Þnal-state particles at LO and withN (+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 theMSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the Þve-ßavor-scheme (5FS) and with the
associated values of! s. Only tøtW + W ! production has been calculated in the four-ßavor-
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 tomt = 173 GeV and the mass of the Higgs
boson to mH = 125 GeV, 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 Þne structure constant
! is set equal to its corresponding value in theGµ-scheme for all the processes.2

2.1 tøtV -type processes and tøtH production

As Þrst step, we show fortøtH production and all the tøtV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scalesµr and µf . This dependence is shown in Þgure1 by varying µ = µr = µf

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

For all the processes, and especially fortøt" ,[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 deÞned
excluding the partons from real emission and, in the region where mT,i Õs 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 toH T / 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 di ! erent values of !
can be obtained by simply rescaling the numbers listed in this paper.
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S/B increases for boosted tops and Higgs. 
Plehn,  Salam, Spannowsky Ô10 !!
Sudakov logs are relevant in these regions!

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

of the same order as theO(! 3
S ! ) ones. Therefore,tøtH production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce signiÞcant 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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The Photon PDF (with large uncertainties) 
enters in LO EW and NLO EW.



Numerical results

!

tt̄H : ! ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 9.685 á10! 2 3.617 á10! 1 (1.338 á10! 2) 23.57

NLO QCD 2.507 á10! 2 1.073 á10! 1 (3.230 á10! 3) 9.61

LO EW 1.719 á10! 3 4.437 á10! 3 (3.758 á10! 4) 1.123 á10! 2

LO EW no " ! 2.652 á10! 4 ! 1.390 á10! 3 (! 2.452 á10! 5) ! 1.356 á10! 1

NLO EW ! 5.367 á10! 4 ! 4.408 á10! 3 (! 1.097 á10! 3) ! 6.261 á10! 1

NLO EW no " ! 7.039 á10! 4 ! 4.919 á10! 3 (! 1.131 á10! 3) ! 6.367 á10! 1

HBR 8.529 á10! 4 3.216 á10! 3 (2.496 á10! 4) 2.154 á10! 1

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

for three di! erent collider energies. The results in parentheses are relevant to the boosted

scenario, eq. (3.1).

tt̄H : #(%) 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 " ! 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 " ! 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 " g 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 a! ects the NLO EW term, while it constitute a dominant factor at the

LO EW level (for tt̄H and tt̄Z).

Other aspects characterise di! erently 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 e! ects 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 Þgs. 5 and 6 are given

in Þgs. 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, død, and uøu) are also shown. The lower insets contain the same
information, but in the form of fractions over the relevant L O cross sections; these are thus
the di! erential analogues of tables 7 and 8.

As far as QCD and weak e! ects are concerned, Þgs. 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 Þrst approximation, rather
independent of the observable or the range considered (however, a closer inspection reveals
some minor di! erences 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 ßat, with the exception ofy(t) and, to a good
extent, of " y(tøt, H ) at 100 TeV; the K factors also tend to ßatten out at large transverse
momenta or invariant masses. The case of NLO weak e! ects is interesting because they
become signiÞcant 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 scaleuncertainties, 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(tøt, H ). Weak e! ects
induce therefore a signiÞcant 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 importanceof 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 e! ects 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 signiÞcant, at both 13 and 100 TeV, as shown by the insets of Þgs. 7
and 8. From these Þgures, we also see the di! erential counterpart of table 7: at 13 TeV,
the interplay of the gg with the død and uøu channels is involved, while at 100 TeV one is
dominated everywhere in the phase space by thegg-initiated process.

We conclude this section by presenting in Þg. 9 the results for our six reference di! eren-
tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the e! ect 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 Þgs. 5 and 9). Note that this conclusion is
not modiÞed when the HBR contributions are taken into account, as was already observed
for the predictions of the total rates. We Þnally comment on afew visible features that
appear in the di! erential pT (t), pT (tøt), and M (tøtH ) distributions in the boosted scenario.
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(Boosted regime in brackets) 

Scale variation

(NLO QCD+EW) PDF var.

tøtH : ! ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 9.685á10! 2 3.617á10! 1 (1.338á10! 2) 23.57

NLO QCD 2.507á10! 2 1.073á10! 1 (3.230á10! 3) 9.61

LO EW 1.719á10! 3 4.437á10! 3 (3.758á10! 4) 1.123á10! 2

LO EW no " −2.652á10! 4 −1.390á10! 3 (−2.452á10! 5) −1.356á10! 1

NLO EW −5.367á10! 4 −4.408á10! 3 (−1.097á10! 3) −6.261á10! 1

NLO EW no " −7.039á10! 4 −4.919á10! 3 (−1.131á10! 3) −6.367á10! 1

HBR 8.529á10! 4 3.216á10! 3 (2.496á10! 4) 2.154á10! 1

Table 3: Contributions, as deÞned in table 1, to the total rate (in pb) of tøtH production,
for three di! erent collider energies. The results in parentheses are relevant to the boosted
scenario, eq. (3.1).

tøtH : #(%) 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 " −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 " −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 largeat the LO (except for tøtW ±

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 " g and bøb, 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 a ! ects the NLO EW term, while it constitute a dominant factor at the
LO EW level (for tøtH and tøtZ ).

Other aspects characterise di! erently the four tøtV processes. The relative importance
of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases
of tøtH and tøtZ production, while it decreases fortøtW ± production. At the 8-TeV LHC,
NLO EW terms have the largest impact on tøtW + (about 17% of the NLO QCD ones), and
the smallest on tøtH (2.7%). This is reßected in the fact that for tøtW ± production, while
the NLO EW e! ects are within the NLO QCD scale uncertainty band, they are almost
marginally so. Conversely, fortøtH and tøtZ production NLO EW contributions are amply
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(Boosted regime in brackets) 

table 8, respectively.
Further details on the NLO weak and HBR results relevant to Þgs. 5 and 6 are given

in Þgs. 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, død, and uøu) are also shown. The lower insets contain the same
information, but in the form of fractions over the relevant L O cross sections; these are thus
the di! erential analogues of tables 7 and 8.

As far as QCD and weak e! ects are concerned, Þgs. 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 Þrst approximation, rather
independent of the observable or the range considered (however, a closer inspection reveals
some minor di! erences 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 ßat, with the exception ofy(t) and, to a good
extent, of " y(tøt, H ) at 100 TeV; the K factors also tend to ßatten out at large transverse
momenta or invariant masses. The case of NLO weak e! ects is interesting because they
become signiÞcant 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 scaleuncertainties, 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(tøt, H ). Weak e! ects
induce therefore a signiÞcant 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 importanceof 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 e! ects 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 signiÞcant, at both 13 and 100 TeV, as shown by the insets of Þgs. 7
and 8. From these Þgures, we also see the di! erential counterpart of table 7: at 13 TeV,
the interplay of the gg with the død and uøu channels is involved, while at 100 TeV one is
dominated everywhere in the phase space by thegg-initiated process.

We conclude this section by presenting in Þg. 9 the results for our six reference di! eren-
tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the e! ect 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 Þgs. 5 and 9). Note that this conclusion is
not modiÞed when the HBR contributions are taken into account, as was already observed
for the predictions of the total rates. We Þnally comment on afew visible features that
appear in the di! erential pT (t), pT (tøt), and M (tøtH ) distributions in the boosted scenario.
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relative contributions

tøtZ : ! ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.379á10! 1 5.282á10! 1 (1.955á10! 2) 37.69

NLO QCD 5.956á10! 2 2.426á10! 1 (7.856á10! 3) 18.99

LO EW 6.552á10! 4 ! 2.172á10! 4 (4.039á10! 4) ! 4.278á10! 1

LO EW no " ! 1.105á10! 3 ! 5.771á10! 3 (! 6.179á10! 5) ! 5.931á10! 1

NLO EW ! 4.540á10! 3 ! 2.017á10! 2 (! 2.172á10! 3) ! 1.974

NLO EW no " ! 5.069á10! 3 ! 2.158á10! 2 (! 2.252á10! 3) ! 2.036

HBR 1.316á10! 3 5.056á10! 3 (4.162á10! 4) 3.192á10! 1

Table 5: Same as in table 3, fortøtZ production.

tøtZ : #(%) 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 " ! 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 " ! 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, fortøtZ production.

within the NLO QCD uncertainties. By imposing at the NLO EW le vel 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 oftøtH production (by a factor equal to about 6.8 SCHEME? );
tøtZ and tøtW ± 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 a! ect the corresponding NLO QCD terms. For
both of the processes (tøtH and tøtZ ) which have a non-trivial LO EW cross section, the
bøb- and " g-initiated contributions tend to cancel each other. In the case oftøtH , an almost
complete cancellation (relative to the LO QCD term) occurs at a c.m. energy of 100 TeV,
while for tøtZ is so does at the much lower LHC Run II energy. This implies that the
impact of EW e! ects at the 13-TeV LHC is more important in the case of tøtZ than for
tøtH 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 e! ects decreases with the c.m. energy and is rather negligible in the boosted scenario,
as expected. These QED e! ects 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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Scale variation

(NLO QCD+EW) PDF var.

tøtZ : ! ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.379á10! 1 5.282á10! 1 (1.955á10! 2) 37.69

NLO QCD 5.956á10! 2 2.426á10! 1 (7.856á10! 3) 18.99

LO EW 6.552á10! 4 ! 2.172á10! 4 (4.039á10! 4) ! 4.278á10! 1

LO EW no " ! 1.105á10! 3 ! 5.771á10! 3 (! 6.179á10! 5) ! 5.931á10! 1

NLO EW ! 4.540á10! 3 ! 2.017á10! 2 (! 2.172á10! 3) ! 1.974

NLO EW no " ! 5.069á10! 3 ! 2.158á10! 2 (! 2.252á10! 3) ! 2.036

HBR 1.316á10! 3 5.056á10! 3 (4.162á10! 4) 3.192á10! 1

Table 5: Same as in table 3, fortøtZ production.

tøtZ : #(%) 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 " ! 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 " ! 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, fortøtZ production.

within the NLO QCD uncertainties. By imposing at the NLO EW le vel 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 oftøtH production (by a factor equal to about 6.8 SCHEME? );
tøtZ and tøtW ± 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 a! ect the corresponding NLO QCD terms. For
both of the processes (tøtH and tøtZ ) which have a non-trivial LO EW cross section, the
bøb- and " g-initiated contributions tend to cancel each other. In the case oftøtH , an almost
complete cancellation (relative to the LO QCD term) occurs at a c.m. energy of 100 TeV,
while for tøtZ is so does at the much lower LHC Run II energy. This implies that the
impact of EW e! ects at the 13-TeV LHC is more important in the case of tøtZ than for
tøtH 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 e! ects decreases with the c.m. energy and is rather negligible in the boosted scenario,
as expected. These QED e! ects 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

Ð 9 Ð

Frixione, Hirschi, DP, Shao, Zaro  ‘15



Numerical results

!

table 8, respectively.
Further details on the NLO weak and HBR results relevant to Þgs. 5 and 6 are given

in Þgs. 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, død, and uøu) are also shown. The lower insets contain the same
information, but in the form of fractions over the relevant L O cross sections; these are thus
the di! erential analogues of tables 7 and 8.

As far as QCD and weak e! ects are concerned, Þgs. 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 Þrst approximation, rather
independent of the observable or the range considered (however, a closer inspection reveals
some minor di! erences 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 ßat, with the exception ofy(t) and, to a good
extent, of " y(tøt, H ) at 100 TeV; the K factors also tend to ßatten out at large transverse
momenta or invariant masses. The case of NLO weak e! ects is interesting because they
become signiÞcant 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 scaleuncertainties, 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(tøt, H ). Weak e! ects
induce therefore a signiÞcant 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 importanceof 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 e! ects 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 signiÞcant, at both 13 and 100 TeV, as shown by the insets of Þgs. 7
and 8. From these Þgures, we also see the di! erential counterpart of table 7: at 13 TeV,
the interplay of the gg with the død and uøu channels is involved, while at 100 TeV one is
dominated everywhere in the phase space by thegg-initiated process.

We conclude this section by presenting in Þg. 9 the results for our six reference di! eren-
tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the e! ect 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 Þgs. 5 and 9). Note that this conclusion is
not modiÞed when the HBR contributions are taken into account, as was already observed
for the predictions of the total rates. We Þnally comment on afew visible features that
appear in the di! erential pT (t), pT (tøt), and M (tøtH ) distributions in the boosted scenario.
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tt̄W + : ! ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.003 á10! 1 2.496 á10! 1 (7.749 á10! 3) 3.908

NLO QCD 4.089 á10! 2 1.250 á10! 1 (4.624 á10! 3) 6.114

LO EW 0 0 0

LO EW no " 0 0 0

NLO EW ! 6.899 á10! 3 ! 1.931 á10! 2 (! 1.490 á10! 3) ! 3.650 á10! 1

NLO EW no " ! 7.103 á10! 3 ! 1.988 á10! 2 (! 1.546 á10! 3) ! 3.762 á10! 1

HBR 2.414 á10! 3 9.677 á10! 3 (5.743 á10! 4) 8.409 á10! 1

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

t t̄W + : #(%) 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 " 0 0 0

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

NLO EW no " ! 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 t t̄W + 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

t t̄H -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 t t̄H
and t t̄Z 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 t t̄W ± 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

t t̄W ± 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 t t̄W + and t t̄W ! 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 a! ected by a

change of EW scheme. We thus present predictions obtained in the Gµ scheme, with the
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Scale variation
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tøtW + : ! ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.003á10−1 2.496á10−1 (7.749á10−3) 3.908

NLO QCD 4.089á10−2 1.250á10−1 (4.624á10−3) 6.114

LO EW 0 0 0

LO EW no " 0 0 0

NLO EW ! 6.899á10−3 ! 1.931á10−2 (! 1.490á10−3) ! 3.650á10−1

NLO EW no " ! 7.103á10−3 ! 1.988á10−2 (! 1.546á10−3) ! 3.762á10−1

HBR 2.414á10−3 9.677á10−3 (5.743á10−4) 8.409á10−1

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

tøtW + : #(%) 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 " 0 0 0

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

NLO EW no " ! 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, fortøtW + production.

the various mechanisms that govern the (partial) compensation between these terms and
the one-loop contributions of weak origin have already beengiven in ref. [?]; they are not
tøtH -speciÞc, 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 thetøtH
and tøtZ 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 fortøtW ± production, where the
growth of the HBR rates is not matched by that of the NLO EW term s, so that the HBR
cross section is largely dominant over the latter at a 100 TeVcollider (but not quite so in a
boosted conÞguration 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 lumino sities; in particular, the
tøtW ± V Þnal states can be obtained fromgg-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 topsand 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 tøtW + and tøtW − 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 a! ected by a
change of EW scheme. We thus present predictions obtained inthe Gµ scheme, with the
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table 8, respectively.
Further details on the NLO weak and HBR results relevant to Þgs. 5 and 6 are given

in Þgs. 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, død, and uøu) are also shown. The lower insets contain the same
information, but in the form of fractions over the relevant L O cross sections; these are thus
the di! erential analogues of tables 7 and 8.

As far as QCD and weak e! ects are concerned, Þgs. 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 Þrst approximation, rather
independent of the observable or the range considered (however, a closer inspection reveals
some minor di! erences 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 ßat, with the exception ofy(t) and, to a good
extent, of " y(tøt, H ) at 100 TeV; the K factors also tend to ßatten out at large transverse
momenta or invariant masses. The case of NLO weak e! ects is interesting because they
become signiÞcant 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 scaleuncertainties, 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(tøt, H ). Weak e! ects
induce therefore a signiÞcant 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 importanceof 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 e! ects 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 signiÞcant, at both 13 and 100 TeV, as shown by the insets of Þgs. 7
and 8. From these Þgures, we also see the di! erential counterpart of table 7: at 13 TeV,
the interplay of the gg with the død and uøu channels is involved, while at 100 TeV one is
dominated everywhere in the phase space by thegg-initiated process.

We conclude this section by presenting in Þg. 9 the results for our six reference di! eren-
tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the e! ect 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 Þgs. 5 and 9). Note that this conclusion is
not modiÞed when the HBR contributions are taken into account, as was already observed
for the predictions of the total rates. We Þnally comment on afew visible features that
appear in the di! erential pT (t), pT (tøt), and M (tøtH ) distributions in the boosted scenario.
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relative contributions

tøtW ! : ! ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 4.427á10! 2 1.265á10! 1 (3.186á10! 3) 2.833

NLO QCD 1.870á10! 2 6.515á10! 2 (2.111á10! 3) 4.351

LO EW 0 0 0

LO EW no " 0 0 0

NLO EW ! 2.634á10! 3 ! 8.502á10! 3 (! 5.838á10! 4) ! 2.400á10! 1

NLO EW no " ! 2.761á10! 3 ! 8.912á10! 3 (! 6.094á10! 4) ! 2.484á10! 1

HBR 1.924á10! 3 8.219á10! 3 (4.781á10! 4) 8.192á10! 1

Table 9: Same as in table 3, fortøtW ! production.

tøtW ! : #(%) 8 TeV 13 TeV 100 TeV

NLO QCD 42.2+11 .9
! 12.7 51.5+14 .8

! 13.8 (66.3+21 .7
! 19.6) 153.6+37 .7

! 34.9

LO EW 0 0 0

LO EW no " 0 0 0

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

NLO EW no " ! 6.2 ± 0.2 ! 7.0 ± 0.2 (! 19.1 ± 0.6) ! 8.8 ± 0.1

HBR 4.35 6.50 (15.01) 28.91

Table 10: Same as in table 4, fortøtW ! production.

parameters set as given in eq. (3.6), and limit ourselves to consider the 13-TeV LHC. We
deÞne an analogous quantity as that in eq. (3.10) in theGµ scheme:

#Gµ
X =

! Gµ
X

! Gµ
LO QCD

. (3.11)

We also introduce the following relative di! erences, that help measure the di! erence be-
tween analogous results in the two schemes:

" Gµ
LO QCD =

! LO QCD ! ! Gµ
LO QCD

! LO QCD
, (3.12)

" Gµ
LO EW =

! LO QCD + ! LO EW ! (! Gµ
LO QCD + ! Gµ

LO EW )

! LO QCD + ! LO EW
, (3.13)

" Gµ
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! LO QCD + ! LO EW + ! NLO EW ! (! Gµ
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LO EW + ! Gµ
NLO EW )

! LO QCD + ! LO EW + ! NLO EW
. (3.14)

The results are collected in table 11, where for ease of comparison we also report the relevant
predictions given previously in the$(mZ ) scheme.RESULTS TO BE RECHECKED .
2.5 at the LO directly due to $. 1.2 has nothing to do with it (indeed it is there only for
tøtH , and changes with energy)

3.2 Di ! erential distributions

In analogy with ref. [?], we have considered the following observables:
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(Boosted regime in brackets) 

Scale variation
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Rapidity distributions: unboosted vs. boosted

       13 TeV               13 TeV

! bøb! tøtH (pb) 8 TeV 13 TeV 100 TeV

" 2
S" ! 3,0 1.8 · 10" 4 9.1 · 10" 4 8.6 · 10" 2

" S" 2 ! 3,1 −1.3 · 10" 4 −1.5 · 10" 3 −1.3 · 10" 1

" 3 ! 3,2 3.1 · 10" 4 1.6 · 10" 3 1.9 · 10" 1

Table 10: Leading, second-leading, and third-leading Borncontributions due to the bøb
initial state.

(being at most 0.36% at 100 TeV); those to! 3,1 and ! 3,2 are comparable or slightly larger
in absolute value, and furthermore they tend to cancel each other. Given that there is no
mechanism at the NLO that could enhance thebøb-initiated cross section in a much stronger
way than for the other partonic contributions at the same order, our assumption appears to
be perfectly safe. It is thus of academic interest the fact that the results for the bøb-induced
! 3,q coe" cients do not obey the numerical hierarchy suggested bytheir corresponding
coupling-constant factors (which hierarchy is violated owing to the opening of t-channel
diagrams, such as the one on the right of Þg. 2). When the mixed-coupling expansion
will be fully automated in MadGraph5 aMC@NLO, one will easily verify whether such a
feature survives NLO corrections.

3.2 Di ! erential distributions

We now turn to presenting results for di#erential distributi ons. In order to be deÞnite, we
have considered the following observables: the transversemomenta of the Higgs (pT (H )),
top quark (pT (t)), and tøt pair (pT (tøt)), the invariant mass of the tøtH system (M (tøtH )),
the rapidity of the top quark ( y(t)), and the di#erence in rapidity between thetøt pair and
the Higgs boson ($ y(tøt, H )). The corresponding six distributions are shown at a collider
energy of 13 TeV (Þg. 5), 100 TeV (Þg. 6), and 13 TeV in the boosted scenario of eq. (3.5)
(Þg. 9). In the case of the HBR processpp→ tøtHH , owing to the inclusive (in the two
Higgses) deÞnition of the latter the histograms relevant tothe observables that depend
explicitly on the Higgs four-momentum (i.e., pT (H ), M (tøtH ), and $ y(tøt, H )) may receive
up to two entries per event.

Figures 5, 6, and 9 have identical layouts. The main frame displays three distributions,
which correspond to the LO (black dashed), LO+NLO QCD (red solid, superimposed with
full circles), and LO+NLO QCD+NLO weak (green solid) cross sections. The latter two
distributions are therefore the bin-by-bin analogues of the sum of the upper two entries and
of the sum of the three entries, respectively, in a given column of table 5. The middle inset
presents the ratios of the two NLO-accurate predictions over the corresponding LO one Ð
these are therefore theK factors. Centered around the NLO QCD K factor we show a
mouse-grey band, which represents the fractional scale uncertainty, deÞned in full analogy
to what has been done in table 6. Finally, the lower inset displays the ratios of the NLO
QCD, NLO weak, and HBR (dot-dashed magenta) contributions over the LO cross section
Ð these are therefore the analogues of the Þrst two lines of table 6 and of the last line of
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tt-H production at the 13 TeV LHC
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tøtH : ! ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 9.685á10! 2 3.617á10! 1 (1.338á10! 2) 23.57

NLO QCD 2.507á10! 2 1.073á10! 1 (3.230á10! 3) 9.61

LO EW 1.719á10! 3 4.437á10! 3 (3.758á10! 4) 1.123á10! 2

LO EW no " −2.652á10! 4 −1.390á10! 3 (−2.452á10! 5) −1.356á10! 1

NLO EW −5.367á10! 4 −4.408á10! 3 (−1.097á10! 3) −6.261á10! 1

NLO EW no " −7.039á10! 4 −4.919á10! 3 (−1.131á10! 3) −6.367á10! 1

HBR 8.529á10! 4 3.216á10! 3 (2.496á10! 4) 2.154á10! 1

Table 3: Contributions, as deÞned in table 1, to the total rate (in pb) of tøtH production,
for three di! erent collider energies. The results in parentheses are relevant to the boosted
scenario, eq. (3.1).

tøtH : #(%) 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 " −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 " −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 largeat the LO (except for tøtW ±

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 " g and bøb, 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 a ! ects the NLO EW term, while it constitute a dominant factor at the
LO EW level (for tøtH and tøtZ ).

Other aspects characterise di! erently the four tøtV processes. The relative importance
of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases
of tøtH and tøtZ production, while it decreases fortøtW ± production. At the 8-TeV LHC,
NLO EW terms have the largest impact on tøtW + (about 17% of the NLO QCD ones), and
the smallest on tøtH (2.7%). This is reßected in the fact that for tøtW ± production, while
the NLO EW e! ects are within the NLO QCD scale uncertainty band, they are almost
marginally so. Conversely, fortøtH and tøtZ production NLO EW contributions are amply
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Transverse momentum distributions: unboosted vs. boosted

       13 TeV               13 TeVtøtH : ! ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 9.685á10! 2 3.617á10! 1 (1.338á10! 2) 23.57

NLO QCD 2.507á10! 2 1.073á10! 1 (3.230á10! 3) 9.61

LO EW 1.719á10! 3 4.437á10! 3 (3.758á10! 4) 1.123á10! 2
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NLO EW no " −7.039á10! 4 −4.919á10! 3 (−1.131á10! 3) −6.367á10! 1

HBR 8.529á10! 4 3.216á10! 3 (2.496á10! 4) 2.154á10! 1

Table 3: Contributions, as deÞned in table 1, to the total rate (in pb) of tøtH production,
for three di! erent collider energies. The results in parentheses are relevant to the boosted
scenario, eq. (3.1).
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! 11.1 29.7+6 .8

! 11.1 (24.2+4 .8
! 10.6) 40.8+9 .3
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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 largeat the LO (except for tøtW ±

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 " g and bøb, 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 a ! ects the NLO EW term, while it constitute a dominant factor at the
LO EW level (for tøtH and tøtZ ).

Other aspects characterise di! erently the four tøtV processes. The relative importance
of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases
of tøtH and tøtZ production, while it decreases fortøtW ± production. At the 8-TeV LHC,
NLO EW terms have the largest impact on tøtW + (about 17% of the NLO QCD ones), and
the smallest on tøtH (2.7%). This is reßected in the fact that for tøtW ± production, while
the NLO EW e! ects are within the NLO QCD scale uncertainty band, they are almost
marginally so. Conversely, fortøtH and tøtZ production NLO EW contributions are amply
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table 8, respectively.
Further details on the NLO weak and HBR results relevant to Þgs. 5 and 6 are given

in Þgs. 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, død, and uøu) are also shown. The lower insets contain the same
information, but in the form of fractions over the relevant L O cross sections; these are thus
the di! erential analogues of tables 7 and 8.

As far as QCD and weak e! ects are concerned, Þgs. 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 Þrst approximation, rather
independent of the observable or the range considered (however, a closer inspection reveals
some minor di! erences 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 ßat, with the exception ofy(t) and, to a good
extent, of " y(tøt, H ) at 100 TeV; the K factors also tend to ßatten out at large transverse
momenta or invariant masses. The case of NLO weak e! ects is interesting because they
become signiÞcant 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 scaleuncertainties, 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(tøt, H ). Weak e! ects
induce therefore a signiÞcant 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 importanceof 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 e! ects 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 signiÞcant, at both 13 and 100 TeV, as shown by the insets of Þgs. 7
and 8. From these Þgures, we also see the di! erential counterpart of table 7: at 13 TeV,
the interplay of the gg with the død and uøu channels is involved, while at 100 TeV one is
dominated everywhere in the phase space by thegg-initiated process.

We conclude this section by presenting in Þg. 9 the results for our six reference di! eren-
tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the e! ect 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 Þgs. 5 and 9). Note that this conclusion is
not modiÞed when the HBR contributions are taken into account, as was already observed
for the predictions of the total rates. We Þnally comment on afew visible features that
appear in the di! erential pT (t), pT (tøt), and M (tøtH ) distributions in the boosted scenario.
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not modiÞed when the HBR contributions are taken into account, as was already observed
for the predictions of the total rates. We Þnally comment on afew visible features that
appear in the di! erential pT (t), pT (tøt), and M (tøtH ) distributions in the boosted scenario.
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2 representative examples:
Why do we care about photons in the proton?

Table 1: Integrated hadronic cross section fortøt production at the LHC, at NLO QED
in di! erent production subprocesses, without and with cuts.

Process ! tot without cuts [pb] ! tot with cuts [pb]

Born correction Born correction

uøu 34.25 -1.41 18.64 -0.770

død 21.61 -0.228 11.54 -1.68

søs 4.682 -0.0410 2.253 -0.0304

cøc 2.075 -0.0762 0.9630 -0.0446

gg 407.8 2.08 213.6 0.524

g" 4.45 2.29

pp 470.4 4.78 247.0 1.80

Table 2: Integrated hadronic cross section fortøt production at the Tevatron, at NLO
QED in di! erent production subprocesses, without and with cuts.

Process ! tot without cuts [pb] ! tot with cuts [pb]

Born correction Born correction

uøu 3.411 -0.117 3.189 -0.118

død 0.5855 -2.89! 10! 3 0.5432 -2.91! 10! 3

søs 8.063! 10! 3 -1.21! 10! 5 7.343! 10! 3 -1.79! 10! 5

cøc 2.044! 10! 3 -5.06! 10! 5 1.857! 10! 3 -5.00! 10! 5

gg 0.4128 3.17! 10! 3 0.3803 2.69! 10! 3

g" 0.0154 0.0143

pøp 4.420 -0.102 4.121 -0.104

with cross section at NLO,d! NLO , and the Born cross sectiond! B.
In Fig. 9 the pT and

"
ös distributions are shown (left), as well as the relative QED

corrections (right), for the gg and qq parton channel at the LHC. The e! ect of the
NLO QED corrections in the dominantgg fusion channel is rather small, less than 1%
over most of thepT range and also over most of the

"
ös range. Di! erently from the gg

channel, the NLO contributions forqq annihilation are negative over the wholepT and"
ös range, reaching the 5% level forpT ! 400 GeV and

"
ös ! 1200 GeV. They further

grow in size with increasingpT and
"

ös and for very high pT the qq channel starts to
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ŝ range, reaching the 5% level for pT ! 400 GeV and

"
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1 Introduction

Experimental investigations of the top quark at the Tevatron have signiÞcantly con-
tributed to precision tests of the Standard Model (SM) sincethe top discovery in
1995 [1, 2]. The top quark mass is an important parameter within the SM and its pre-
cise knowledge is an essential ingredient to constrain the mass of the Higgs boson [3].
Besides the top mass, the measurement of the top-pair production cross section is an
important test of the SM, and possible observation of deviations from the SM predic-
tions could indicate new, non-standard, contributions. Moreover, precise knowledge
of the SM processes as a main source of background is crucial in direct searches for
potential new physics beyond the SM.

At the Tevatron, the dominant production mechanism is the annihilation of quark-
antiquark pairs q+ q ! t + t, wheras at LHC energies,tt production proceeds mainly
through gluon fusion,g + g ! t + t. In lowest order, the tt production cross section
in hadronic collisions is ofO(! 2

s) and was calculated in [4]. The corresponding lowest-
order electroweak contributions ofO(! 2) to the Drell-Yan annihilation process via
" - and Z-exchange are very small, contributing less than 1% at the partonic level [5],
and are thus negligible. Accordingly, the main higher ordercontributions arise from
QCD. Cross sections and distributions including QCD e! ectsof O(! 3

s) were computed
in [6, 7], and an inspection of the QCD e! ects close to the production threshold was
performed in [8]. Including the resummation of large logarithmic QCD contributions
in the threshold region improves the perturbative calculation and was done in [9, 10,
11, 12, 13]. The prediction for thett production cross section currently used at the
Tevatron is based on the studies in [14], which include the next-to-leading-order (NLO)
contributions and the resummation of soft logarithms (NLL). In [15], also the next-to-
next-to-leading-order (NNLO) soft-gluon corrections were taken into account, extended
to NNNLO in [16].

From the electroweak (EW) side, the EW one-loop correctionsto the QCD-based
lowest order calculations, which are ofO(!! 2

s), were investigated Þrst in [17] for the
subclass of the infrared-free non-photonic contributions, i.e. those loop contributions
without virtual photons. They are of special interest due tothe large Yukawa coupling
of the top quark to the Higgs boson. However, they have littleimpact within the SM,
about 1% of the lowest-order cross section for the Tevatron,and not more than 3% for
the LHC [17, 18]. In these calculations contributions including the interference of QCD
and EW interactions were neglected. A study of the non-photonic EW corrections with
the gluonÐZ interference e! ects was done more recently in [19, 20, 21, 22].

Still, a subset of the full EW corrections, corresponding tothe QED corrections
with real and virtual photons, was not included in the previous calculations. In this
paper we close this gap and present the calculation of the missing QED subset, thus
making the SM prediction at the one-loop level complete.

It is worth to mention also several studies within speciÞc extensions of the SM,
comprising calculations of the Yukawa one-loop corrections within the General 2-Higgs-
Doublet Model (G2HDM) for Tevatron [23] and LHC [24]. Also, the SUSY-QCDO(! 2)

1

g

!

t

t
t

g

!

t

tt

Figure 8: Feynman diagrams for photon inducedtt production at lowest order.

2.3 Photon-induced t t production

In addition to the previously mentioned NLO QED contributions we also have to
inspect the photon-induced production channels. These comprise at lowest order the
gluonÐphoton fusion amplitudes illustrated in Fig. 8.

In general, photon-induced partonic processes vanish at the hadronic level unless
the NLO QED e! ects are taken into account. A direct consequence of including these
e! ects into the evolution of parton distribution functions(PDFs) is the non-zero photon
density in the proton, which leads to photon-induced contributions at the hadronic level
by convoluting the photon-induced partonic cross sectionswith the PDFs at NLO QED.
Since the photon distribution function is of order! they are formally not of the same
overall order as the other NLO QED contributions. Numerically, however, they turn
out to be sizeable, and we therefore include them in our discussion.

As the PDFs at NLO QED have become available only recently [42], the photon-
induced hadronic processes have not yet been investigated.Here we present the Þrst
study of these e! ects on the top pair production.

3 Hadronic cross section for pp, p p ! t tX

For obtaining the hadronic cross section we have to convolute the various partonic
cross sections with the corresponding parton densities andsum over all contributing
channels, adding up contributions of the non-radiative andradiative processes. As
already mentioned, only the sum of all virtual and real corrections is IR Þnite. Final
step is the factorization of the remaining mass singularities.

3.1 Mass factorization

The mass-singular logarithmic terms proportional to lnmq are not canceled in the sum
of virtual and real corrections. They originate from collinear photon emission o! the
incoming light quarks. In analogy to the factorization of collinear gluon contributions,
they have to be absorbed into the parton densities.

This can be formally achieved by replacing the bare quark distributions qi(x) for
each ßavor by the appropriate scale dependent distributions qi(x, Q2) in the following
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Set-up and photon-PDF perturbative orders

                   ,            NNPDF2.3_QED,                            ,

and adopted the MSTWnlo2008 [68] PDFs with the associatedαS (mZ ) for all NLO as
well as LO predictions (since we are chießy interested in assessing e! ects 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 =
H T

2
!

1
2

!

i

"
m2

i + p2T (i ) , (3.3)

where the sum runs over all Þnal-state particles. The theoretical uncertainties due to the
µR and µF dependencies that a! ect the coe" cient # 4,0 have been evaluated by varying
these scales independently in the range:

1
2

µ " µR , µF " 2µ , (3.4)

and by keeping the value ofα Þxed. 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 Þnal-state cuts are applied (i.e. fully
inclusive), and a ÒboostedÓ 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 (øt) # 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 e! ects will have a bigger impact there than in the whole of the
phase space. We shall report in sect. 3.1 our predictions fortotal rates, for the three
collider c.m. energies and in both the fully inclusive and the boosted scenario. In sect. 3.2
several di! erential 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 Ð 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 andNLO QCD contributions are
computed in the same way as has been done previously withMadGraph5 aMC@NLO or
its predecessoraMC@NLO in refs. [21,44]. There are small numerical di! erences (O(3%))
with ref. [44], which are almost entirely due to the choice ofthe value of α, and to a very
minor extent to that of mt. As far as ref. [21] is concerned, di! erent choices had been made
there for the top and Higgs masses, and for the reference scale.
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Our default EW scheme is the! (mZ ) scheme, where we set:

1
! (mZ )

= 128.93. (3.5)

We shall also present results in theGµ scheme, where:

Gµ = 1 .16639á10! 5 !"
1
!

= 132.23. (3.6)

The central values of the renormalisation (µR ) and factorisation (µF ) scales have been taken
equal to the reference scale:

µ =
H T

2
#

1
2

!

i

"
m2

i + p2
T (i ) , (3.7)

where the sum runs over all Þnal-state particles. The theoretical uncertainties due to the
µR and µF dependencies have been evaluated by varying these scales independently in the
range:

1
2

µ $ µR , µF $ 2µ , (3.8)

and by taking the envelope of the resulting predictions; thevalue of ! is kept Þxed. In this
work, we have limited ourselves to considering the scale dependence of! LO ,1 and ! NLO ,1,
which corresponds to what is usually identiÞed with the scale uncertainty of the QCD cross
section. We point out that the calculation of this theory systematics does not entail any
independent runs, being performed through the exact reweighting technique introduced
in ref. [56], which is fully automated in MadGraph5 aMC@NLO . The PDF uncertainties
are computed, again through reweighting, by following the NNPDF methodology [57]; we
report the 68% CL symmetric interval (that is the one that contains only 68 replicas out of
a total of a hundred; this is done in order to avoid the problemof outliers, which is severe
in this case owing to the photon PDF [38])

We stress that, because of the choice of PDFs made in this paper, the present results
for tøtH production would not be exactly identical to those of ref. [31] even if QED e" ects
were ignored. However, the di" erences are tiny, so that a direct comparison between the
tøtH results of this paper and those of ref. [31] is possible, which allows one to assess the
impact of QED-only corrections.

3.1 Inclusive rates

We begin by reporting, in table 2, the results relevant to the individual contributions that
enter the deÞnition of a given HBR cross section. As is implied by eq. (2.5), by summing
the relevant entries of table 2 one obtains the desired HBR rate. For example, in the case
of tøtH production:

" HBR (tøtH ) = " (tøtHH ) + " (tøtHZ ) + " (tøtHW + ) + " (tøtHW ! ) , (3.9)

and analogously for the other processes. Note that HBR crosssections are inclusive by
deÞnition, and cannot be summed; this is evident if one considers that one given contri-
bution may enter in more than one HBR rate (e.g. " (tøtHZ ) contributes to the HBRÕs of
both tøtH and tøtZ ). The entries of table 2 have a relative integration error ofabout 0.1%.
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Comparison between different schemes

tøtH t øtZ t øtW + tøtW −

! LO QCD ( pb) 3.617· 10−1 5.282· 10−1 2.496· 10−1 1.265· 10−1

! Gµ
LO QCD ( pb) 3.527· 10−1 5.152· 10−1 2.433· 10−1 1.234· 10−1

! Gµ
LO QCD (%) 2.5 2.5 2.5 2.5

"LO EW (%) 1.2 0.0 0 0

"Gµ
LO EW (%) 1.2 0.0 0 0

! Gµ
LO EW (%) 2.5 2.5 2.5 2.5

"NLO EW (%) ! 1.2 ! 3.8 ! 7.7 ! 6.7

"Gµ
NLO EW (%) 1.8 ! 0.7 ! 4.5 ! 3.5

! Gµ
NLO EW (%) ! 0.5 ! 0.7 ! 0.9 ! 0.9

Table 11: Comparison between results in the#(mZ ) and Gµ scheme, at 13 TeV.

The results are collected in table 11, where for ease of comparison we also report the
relevant predictions given previously in the #(mZ ) scheme (see tables 3Ð10).

The scheme dependence of the dominant LO term,! LO QCD , is solely due to the value
of #; thus, the 2.5% reported in the third row of table 11 is simply the relative di" erence
between the two values of# given in eqs. (3.5) and (3.6), since this LO term factorises a
single power of#. The smallness of! LO EW is such that ! Gµ

LO EW , deÞned in eq. (3.13),
is largely dominated by ! LO QCD . Hence its values are also equal to 2.5% within the
numerical accuracy of our results; by increasing the statistics, one would observe tiny
di" erences w.r.t. the predictions for! Gµ

LO QCD . The predictions for the relative di" erences
at the LO imply that a change of EW scheme may be signiÞcant, being of the same order
as the NLO EW relative contributions, in particular in the ca se oftøtH and tøtZ production,
and slightly less so fortøtW ± production (compare ! Gµ

LO EW with "NLO EW ). These higher-
order EW results are also a" ected by a change of EW scheme, as one can see by comparing
the results for "NLO EW and for "Gµ

NLO EW in table 11, with the Gµ scheme responsible
for a systematic shift towards positive cross sections. However, the most relevant Þgure
of merit is actually ! Gµ

NLO EW , deÞned in eq. (3.14), which must be compared with its LO
counterparts, ! Gµ

LO QCD and ! Gµ
LO EW ; the values of the former ratio are signiÞcantly smaller

than those of the latter two ratios, as a result of the stabilisation against changes of scheme
that is characteristic of higher-order computations.

We conclude this section by mentioning that we have also computed the LO contribu-
tions of O(#3) to the total rates, since they factor the same power of$6 as the O(#2

S #2)
NLO terms, according to the naive scaling law#S " $# S and # " $2#. We Þnd that these
third-leading LO rates are smaller (for tøtH and tøtZ ), or much smaller (for tøtW ± , by a factor
of about ten), than the NLO EW ones; furthermore, they are not enhanced by any Su-
dakov logarithms at large hardness. We Þnally remark that photon-initiated contributions
of O(#3) are negligibly small. For these reasons, we have not reported any O(#3) results
in the tables above, and have ignored their contributions todi" erential distributions.
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Label Meaning

LO QCD LO, 1

NLO QCD NLO, 1

LO EW LO, 2

NLO EW NLO, 2; no pp ! tøtV1V2

HBR NLO, 2; only pp ! tøtV1V2

Table 1: Shorthand notation used in sect. 3.V1 and V2 stand for a Higgs, aW ± , or a Z
boson. HBR is an acronym for Heavy Boson Radiation, and for a given V1 understands
the sum over V2. The reader is encouraged to check sect. 2 for the precise deÞnitions of all
the quantities involved.

3. Results

In this section we present our predictions for inclusive rates relevant to the production of
tøtH , tøtZ , tøtW + , and tøtW ! at a pp collider with a c.m. energy of 8 TeV (LHC Run I),
13 TeV (LHC Run II), and 100 TeV. In the case of the LHC Run II, we shall also study
the four production processes at the level of several di! erential distributions. Furthermore,
for such a c.m. energy we shall consider the implications of aÒboostedÓ regime, e! ectively
obtained by imposing the following Þnal-state cuts:

pT (t) " 200 GeV, pT (øt) " 200 GeV, pT (V ) " 200 GeV. (3.1)

In HBR processes, the transverse momentum of the vector boson denoted byX in eq. (2.5)
is not constrained; this implies that, in the case of identical particles (X = V), a single
vector boson fulÞlling the last condition in eq. (3.1) is su" cient for the corresponding
event to contribute to the cross section. While a high-pT regime might be advocated in
the context of Higgs searches [48Ð50] to increase the relative strength of the signal, in the
present case it is interesting regardless of the nature of the associated heavy boson, because
it is known to enhance the impact of EW e! ects through large Sudakov logarithms [51Ð54].
Thus, it allows one to gauge directly the impact of EW corrections where they should
matter most, and hence to assess the reliability of predictions that include only NLO QCD
e! ects.

We have chosen the particle masses as follows:

mt = 173.3 GeV, mH = 125 GeV , (3.2)

mW = 80.385 GeV, mZ = 91.188 GeV. (3.3)

All widths are set equal to zero, and the massive modes and Yukawas are renormalised on-
shell. We point out that these settings are not hard-coded inMadGraph5 aMC@NLO , but
are inherited [33] from the adoptedUFO [55] model. We have chosen the NNPDF2.3QED
PDF set [38] (particularly for the reasons discussed in sect. 2) that is associated with the
value

! S (mZ ) = 0 .118. (3.4)
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Our default EW scheme is the! (mZ ) scheme, where we set:

1
! (mZ )

= 128.93. (3.5)

We shall also present results in theGµ scheme, where:

Gµ = 1 .16639· 10! 5 !"
1
!

= 132.23. (3.6)

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 + p2

T (i) , (3.7)

where the sum runs over all Þnal-state particles. The theoretical uncertainties due to the
µR and µF dependencies have been evaluated by varying these scales independently in the
range:

1
2
µ $ µR , µF $ 2µ , (3.8)

and by taking the envelope of the resulting predictions; thevalue of ! is kept Þxed. In this
work, we have limited ourselves to considering the scale dependence ofΣLO ,1 and ΣNLO ,1,
which corresponds to what is usually identiÞed with the scale uncertainty of the QCD cross
section. We point out that the calculation of this theory systematics does not entail any
independent runs, being performed through the exact reweighting technique introduced
in ref. [56], which is fully automated in MadGraph5 aMC@NLO . The PDF uncertainties
are computed, again through reweighting, by following the NNPDF methodology [57]; we
report the 68% CL symmetric interval (that is the one that contains only 68 replicas out of
a total of a hundred; this is done in order to avoid the problemof outliers, which is severe
in this case owing to the photon PDF [38])

We stress that, because of the choice of PDFs made in this paper, the present results
for tøtH production would not be exactly identical to those of ref. [31] even if QED effects
were ignored. However, the differences are tiny, so that a direct comparison between the
tøtH results of this paper and those of ref. [31] is possible, which allows one to assess the
impact of QED-only corrections.

3.1 Inclusive rates

We begin by reporting, in table 2, the results relevant to the individual contributions that
enter the deÞnition of a given HBR cross section. As is implied by eq. (2.5), by summing
the relevant entries of table 2 one obtains the desired HBR rate. For example, in the case
of tøtH production:

" HBR (tøtH) = " (tøtHH) + " (tøtHZ) + " (tøtHW + ) + " (tøtHW ! ) , (3.9)

and analogously for the other processes. Note that HBR crosssections are inclusive by
deÞnition, and cannot be summed; this is evident if one considers that one given contri-
bution may enter in more than one HBR rate (e.g. " (tøtHZ) contributes to the HBRÕs of
both tøtH and tøtZ). The entries of table 2 have a relative integration error ofabout 0.1%.
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! ( pb) 8 TeV 13 TeV 100 TeV

tøtHH 1.640á10! 4 6.947á10! 4 6.078á10! 2

tøtHZ 2.831á10! 4 1.214á10! 3 1.212á10! 1

tøtHW + 2.918á10! 4 8.996á10! 4 1.982á10! 2

tøtHW ! 1.139á10! 4 4.074á10! 4 1.366á10! 2

tøtZZ 3.373á10! 4 1.385á10! 3 1.209á10! 1

tøtZW + 5.036á10! 4 1.711á10! 3 4.634á10! 2

tøtZW ! 1.919á10! 4 7.455á10! 4 3.084á10! 2

tøtW + W ! 1.618á10! 3 7.066á10! 3 7.747á10! 1

Table 2: Total rates for the individual contributions to HBR cross sections.

We now present, in turn, the results for the total rates relevant to tøtH , tøtZ , tøtW + ,
and tøtW ! production. Each of these processes corresponds to a set of two tables: tables 3
and 4 for tøtH , tables 5 and 6 for tøtZ , tables 7 and 8 for tøtW + , and tables 9 and 10 for
tøtW ! . In the Þrst table of each set we give the values, in pb, of the various contributions
to the total cross section, namely LO QCD, NLO QCD, LO EW, NLO E W, and HBR; at
a given c.m. energy, these results have an integration errorwhich is at most 0.1% times the
LO QCD cross section3 relevant to that energy. The two contributions labelled wit h ÒEWÓ
are also computed by setting the photon density equal to zero, as explained in sect. 2. In
the case of the 13 TeV LHC, we also give (in parentheses) the rates within the cuts of
eq. (3.1). The second table of each set displays the value of the ratios:

"X =
! X

! LO QCD
, (3.10)

with X equal to NLO QCD, LO EW, NLO EW, and HBR. In other words, f or any given
column the entry in the nth row of the second table is equal to the ratio of the entry in the
(n +1) th row of the Þrst table over the entry in the Þrst row of that tabl e. Except for HBR,
the results for the ratios " are associated with uncertainties. These fractional uncertainties
are computed by using eq. (3.10), with the numerator set equal to the maximum and
minimum of either the scale or the PDF envelope, and the denominator always computed
with central scales and PDFs. Note that the denominator is a LO quantity, at variance
with what is done usually in QCD where the central NLO cross section is used; the present
choice allows one to treat QCD and EW e! ects on a more equal footing in the context
of a mixed-coupling expansion. In the case of NLO QCD, the uncertainties quoted in the
tables are due to scale variations (leftmost errors) and PDFvariations (rightmost errors);
in the case of the LO and NLO EW contributions, to PDF variatio ns.

The results for the total cross sections exhibit a few features common to all four pro-
cesses considered here. Firstly, the leading NLO term (NLO QCD) is very large, and grows
with the collider energy. Its impact is particularly striki ng in the case oftøtW ± production,

3The typical errors are such that the statistical uncertaint ies a! ect the last digit of the results quoted
in the tables.
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tøtW ! : ! ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 4.427á10! 2 1.265á10! 1 (3.186á10! 3) 2.833

NLO QCD 1.870á10! 2 6.515á10! 2 (2.111á10! 3) 4.351

LO EW 0 0 0

LO EW no " 0 0 0

NLO EW ! 2.634á10! 3 ! 8.502á10! 3 (! 5.838á10! 4) ! 2.400á10! 1

NLO EW no " ! 2.761á10! 3 ! 8.912á10! 3 (! 6.094á10! 4) ! 2.484á10! 1

HBR 1.924á10! 3 8.219á10! 3 (4.781á10! 4) 8.192á10! 1

Table 9: Same as in table 3, fortøtW ! production.

tøtW ! : #(%) 8 TeV 13 TeV 100 TeV

NLO QCD 42.2+11 .9
! 12.7 ± 3.3 51.5+14 .8

! 13.8 ± 2.8 (66.3+21 .7
! 19.6 ± 3.9) 153.6+37 .7

! 34.9 ± 2.2

LO EW 0 0 0

LO EW no " 0 0 0

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

NLO EW no " ! 6.2 ± 0.2 ! 7.0 ± 0.2 (! 19.1 ± 0.6) ! 8.8 ± 0.1

HBR 4.35 6.50 (15.01) 28.91

Table 10: Same as in table 4, fortøtW ! production.

the vector bosons, it does say that, in such simulations, HBRcontributions cannot simply
be neglected. Note that the behaviour with the c.m. energy ofthe tøtW + and tøtW ! cross
sections is not identical, mainly owing to the fact that the former (latter) process is more
sensitive to valence (sea) quark densities.

We now turn to discussing how the results presented so far might be a! ected by a
change of EW scheme. We thus give predictions obtained in theGµ scheme, with the
parameters set as in eq. (3.6); we limit ourselves to considering the 13-TeV LHC, and do
not include HBR cross sections in this study. We deÞne a quantity analogous to that of
eq. (3.10) in the Gµ scheme:

#Gµ
X =

! Gµ
X

! Gµ
LO QCD

. (3.11)

We also introduce the following ratios, that help measure the di! erences between analogous
results in the two schemes:

" Gµ
LO QCD =

! LO QCD ! ! Gµ
LO QCD

! LO QCD
, (3.12)

" Gµ
LO EW =

! LO QCD + ! LO EW ! (! Gµ
LO QCD + ! Gµ

LO EW )

! LO QCD + ! LO EW
, (3.13)

" Gµ
NLO EW =

! LO QCD + ! LO EW + ! NLO EW ! (! Gµ
LO QCD + ! Gµ

LO EW + ! Gµ
NLO EW )

! LO QCD + ! LO EW + ! NLO EW
. (3.14)
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Without QED (photons), the structure of IR singularities is simpler 
         was the first pheno study of EW corrections in the MG5_aMC@NLO  
framework.

Electroweak corrections are in general small. However, the Sudakov logarithms                          
        can enhance their size. They originate only from Weak corrections
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We study electroweak Sudakov corrections in high energy scattering, and the cancellation between
real and virtual Sudakov corrections. Numerical results ar e given for the case of heavy quark
production by gluon collisions involving the rates gg ! tøt, bøb, tøbW, tøtZ, bøbZ, tøtH, bøbH. Gauge boson
virtual corrections are related to real transverse gauge boson emission, and Higgs virtual corrections
to Higgs and longitudinal gauge boson emission. At the LHC, electroweak corrections become
important in the TeV regime. At the proposed 100 TeV collider , electroweak interactions enter a
new regime, where the corrections are very large and need to be resummed.

I. INTRODUCTION

Electroweak corrections grow with energy due to the
presence of Sudakov double logarithms! W ln2 s/M 2

W ,
and are already relevant for LHC analyses with invari-
ant masses in the TeV region. The corrections arise
because of soft and collinear infrared divergences from
the emission of electroweak bosons. The infrared sin-
gularities are cuto! by the gauge boson mass, and lead
to Þnite ! W ln2 s/M 2

W corrections. Unlike in QCD, the
electroweak logarithms do not cancel even for totally in-
clusive processes, because the initial states are not elec-
troweak singlets [1Ð3].

In this paper, we discuss the cancellation (or lack
thereof) between real and virtual corrections. We will
usegg ! tøt, bøb as an explicit numerical example. In this
process, the initial state is an electroweak singlet, so the
total cross section does not contain! W ln2 s/M 2

W correc-
tions. This allows us to compare the electroweak correc-
tions in this process to the more familiar case of! s cor-
rections to the R ratio for e+ e! ! hadrons. Even though
electroweak Sudakov corrections cancel for the total cross
section, they do not cancel for interesting experimentally
measured rates, and are around 10% for invariant masses
of " 2 TeV. Electroweak corrections to processes involv-
ing electroweak-charged initial states, such as Drell-Yan
production, qq ! W W , or qq ! tt, are larger than for
gg ! tt.

At present, omitted electroweak corrections are the
largest error in many LHC cross section calculations, and
are more important than higher order QCD corrections.
Furthermore, the resummed electroweak corrections to
all hard scattering processes at NLL order are known
explicitly [4Ð6], and have a very simple form, so they
can be incorporated into LHC cross section calculations.
Recently, there has been interest in building a hadron col-
lider with an energy of around 100 TeV. For such a ma-
chine, electroweak corrections are no longer small, and
resummed corrections must be included to get reliable
cross sections. The numerical plots in this paper go out to

ös = 30 TeV to emphasize the importance of electroweak
corrections at future machines.

We will make one simpliÞcation in this paper, by com-
puting electroweak corrections in a pureSU(2)W gauge
theory, neglecting the U(1) part. The reason is that in
the Standard Model (SM), after spontaneous symmetry
breaking, there is a massless photon. Electromagnetic
corrections produce infrared divergences which are not
regularized by a gauge boson mass. Instead they have
to be treated by deÞning infrared safe observables, as
done for QCD. Initial state infrared corrections can be
absorbed into the parton distribution functions (PDFs).
To implement this consistently requires electromagnetic
corrections to be included in the parton evolution equa-
tions. These additional complications are separate from
the main point of the paper, and can be avoided by using
the SU(2)W theory.

The numerical results will be given for an SU(2)W

gauge theory with ! W equal to the Standard Model value
! / sin2 "W . We will treat W 1,2 as the SMW bosons, and
W 3 as the SMZ 0, and use the notation L # ln s/M 2

W .
The structure of electroweak corrections is discussed in

Sec.II , and a summary of the SCETEW results for com-
puting these is given in Appendix A. The cancellation
of real and virtual electroweak corrections is discussed in
Sec.III for an example where one can do the full compu-
tation analytically, and Sec. IV discusses the cancellation
for heavy quark production, where the rates have to be
computed numerically. Some subtleties for an unstable
t-quark are discussed in Sec.IV C . The implications of
electroweak corrections for experimental measurements
is given in Sec.V.

II. ELECTROWEAK LOGARITHMS

Electroweak radiative corrections have a typical size
of order ! W / # " 0.01. However, in some cases, the
radiative corrections have a Sudakov double logarithm,
(! W / #)L2, and become important. The regime where
this happens is high energy,s $ M 2

W , where one can

Why Weak corrections to         production? 

have been calculated for all of the other main Higgs production channels: gluon fusion [28Ð
31], vector-boson fusion [32, 33] andV H associated production [34]. For the case oftøtH ,
they are currently not known. The purpose of this work is to amend this situation, and to
present the Þrst calculation of such corrections; similarly to what has been done as a Þrst
step in the case oftøt hadroproduction [35Ð39], we do not include in our results e! ects of
QED origin (dealt with in later papers [40Ð43] for tøt). Our computations are performed in
the automated MadGraph5 aMC@NLO framework [44].

The motivation for separating weak and QED corrections to thepp→ tøtH cross section
is twofold. Firstly, it is only weak corrections which can induce e! ects whose size may be
of the same order as the QCD ones in those regions of the phase space associated with
large invariants, owing to the possible presence of Sudakovlogarithms (see e.g. refs. [45Ð
48]), which compensate the stronger suppression ofα w.r.t. that of αS . Secondly, weak
corrections spoil the trivial dependence of LO and NLO QCD cross sections onλtøtH . This
is because they also depend on the couplings of the Higgs to the W and Z bosons, and
on the Higgs self-coupling, while QED corrections do not involve any of these additional
couplings. Thus, if one wants to assess possible contaminations due to higher-order e! ects
in the extraction of λtøtH , one may start by focusing on weak-only corrections.

From a technical viewpoint, by excluding QED corrections one also simpliÞes the struc-
ture of the calculation, and in particular that relevant to t he subtraction of the infrared
singularities. We note, however, that such a simpliÞcationis not particularly signiÞcant in
the context of an automated approach that is already able to deal with the more compli-
cated situation of QCD-induced subtractions, as is the casefor MadGraph5 aMC@NLO .
It is indeed weak corrections that introduce several elements of novelty in our automated
approach (see e.g. sect. 4.3 of ref. [44]); the possibility of testing them in tøtH production
is yet another motivation to pursue the computation we are presenting in this paper.

We point out that, in all cases where both QCD and EW e! ects are relevant, the
structure of the cross section at any given perturbative order (LO, NLO, and so forth) is a
linear combination of terms, each of which factorises a coupling-constant factor of the type
αn

sα
m , with n + m a constant. Owing to the numerical hierarchy α ≪ αS , it is natural

to organise this combination in decreasing powers ofαS . The leading term has the largest
power of αS and the smallest ofα, and at the NLO it is identiÞed with QCD corrections.
The next term has one power less inαS , and an extra one inα: it is what is often identiÞed
with EW corrections. This is something of a misnomer, because QCD e! ects contribute
to this term as well, and because it renders di" cult the classiÞcation of the remaining
terms (i.e., beyond the second) in the linear combination mentioned before. Although
slightly annoying, this is not a major problem, being a question of (naming) conventions
and, especially, because the computations of terms beyond the second require a massive
e! ort which one assumesnot to be justiÞed in view of the coupling hierarchy. However,
if such computations can be performed automatically, no e! ort will be required, and the
validity of that assumption can be explicitly checked. At pr esent, we are facing precisely
the situation in which the automated calculation of all the αn

sα
m -proportional terms, both

at the LO and the NLO, is becoming feasible. It is therefore useful to reconsider the general
structure of a cross section that involve both strong and EW interactions, and to deÞne
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We calculated NLO corrections of mixed QCD-Weak origin, ignoring QED 
effects. We compared them to NLO QCD corrections. 

Phenomenology motivations

The cross section of         depends directly on          . At NLO, only Weak 
corrections introduce a dependence on other Higgs couplings. 

have been calculated for all of the other main Higgs production channels: gluon fusion [28Ð
31], vector-boson fusion [32, 33] andV H associated production [34]. For the case oftøtH ,
they are currently not known. The purpose of this work is to amend this situation, and to
present the Þrst calculation of such corrections; similarly to what has been done as a Þrst
step in the case oftøt hadroproduction [35Ð39], we do not include in our results e! ects of
QED origin (dealt with in later papers [40Ð43] for tøt). Our computations are performed in
the automated MadGraph5 aMC@NLO framework [44].

The motivation for separating weak and QED corrections to thepp→ tøtH cross section
is twofold. Firstly, it is only weak corrections which can induce e! ects whose size may be
of the same order as the QCD ones in those regions of the phase space associated with
large invariants, owing to the possible presence of Sudakovlogarithms (see e.g. refs. [45Ð
48]), which compensate the stronger suppression ofα w.r.t. that of αS . Secondly, weak
corrections spoil the trivial dependence of LO and NLO QCD cross sections onλtøtH . This
is because they also depend on the couplings of the Higgs to the W and Z bosons, and
on the Higgs self-coupling, while QED corrections do not involve any of these additional
couplings. Thus, if one wants to assess possible contaminations due to higher-order e! ects
in the extraction of λtøtH , one may start by focusing on weak-only corrections.

From a technical viewpoint, by excluding QED corrections one also simpliÞes the struc-
ture of the calculation, and in particular that relevant to t he subtraction of the infrared
singularities. We note, however, that such a simpliÞcationis not particularly signiÞcant in
the context of an automated approach that is already able to deal with the more compli-
cated situation of QCD-induced subtractions, as is the casefor MadGraph5 aMC@NLO .
It is indeed weak corrections that introduce several elements of novelty in our automated
approach (see e.g. sect. 4.3 of ref. [44]); the possibility of testing them in tøtH production
is yet another motivation to pursue the computation we are presenting in this paper.

We point out that, in all cases where both QCD and EW e! ects are relevant, the
structure of the cross section at any given perturbative order (LO, NLO, and so forth) is a
linear combination of terms, each of which factorises a coupling-constant factor of the type
αn

sα
m , with n + m a constant. Owing to the numerical hierarchy α ≪ αS , it is natural

to organise this combination in decreasing powers ofαS . The leading term has the largest
power of αS and the smallest ofα, and at the NLO it is identiÞed with QCD corrections.
The next term has one power less inαS , and an extra one inα: it is what is often identiÞed
with EW corrections. This is something of a misnomer, because QCD e! ects contribute
to this term as well, and because it renders di" cult the classiÞcation of the remaining
terms (i.e., beyond the second) in the linear combination mentioned before. Although
slightly annoying, this is not a major problem, being a question of (naming) conventions
and, especially, because the computations of terms beyond the second require a massive
e! ort which one assumesnot to be justiÞed in view of the coupling hierarchy. However,
if such computations can be performed automatically, no e! ort will be required, and the
validity of that assumption can be explicitly checked. At pr esent, we are facing precisely
the situation in which the automated calculation of all the αn

sα
m -proportional terms, both

at the LO and the NLO, is becoming feasible. It is therefore useful to reconsider the general
structure of a cross section that involve both strong and EW interactions, and to deÞne
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the level of Þnal states. We have shown that, in the case oftøtH inclusive production, these
processes may in fact not be entirely negligible in precision phenomenology studies.

We have compared theO(! 2
S ! 2) predictions with those of O(! 3

S ! ), which constitute
the dominant (in terms of coupling hierarchy) contribution to NLO e! ects. 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 signiÞcantly larger than the w hole O(! 2

S ! 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 conÞguration), which can be done by either
looking directly at the relevant kinematics, or at the inclu sive level by applying suitable
cuts; both options have been considered here. The main conclusion is that, in these regions,
e! ects of weak origin play an important role, and that O(! 2

S ! 2) results may be numerically
of the same order as theO(! 3

S ! ) ones. Therefore,tøtH production appears to follow the same
pattern as other processes, where Sudakov logarithms can induce signiÞcant 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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cated situation of QCD-induced subtractions, as is the casefor MadGraph5 aMC@NLO .
It is indeed weak corrections that introduce several elements of novelty in our automated
approach (see e.g. sect. 4.3 of ref. [44]); the possibility of testing them in tøtH production
is yet another motivation to pursue the computation we are presenting in this paper.

We point out that, in all cases where both QCD and EW e! ects are relevant, the
structure of the cross section at any given perturbative order (LO, NLO, and so forth) is a
linear combination of terms, each of which factorises a coupling-constant factor of the type
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m , with n + m a constant. Owing to the numerical hierarchy α ≪ αS , it is natural

to organise this combination in decreasing powers ofαS . The leading term has the largest
power of αS and the smallest ofα, and at the NLO it is identiÞed with QCD corrections.
The next term has one power less inαS , and an extra one inα: it is what is often identiÞed
with EW corrections. This is something of a misnomer, because QCD e! ects contribute
to this term as well, and because it renders di" cult the classiÞcation of the remaining
terms (i.e., beyond the second) in the linear combination mentioned before. Although
slightly annoying, this is not a major problem, being a question of (naming) conventions
and, especially, because the computations of terms beyond the second require a massive
e! ort which one assumesnot to be justiÞed in view of the coupling hierarchy. However,
if such computations can be performed automatically, no e! ort will be required, and the
validity of that assumption can be explicitly checked. At pr esent, we are facing precisely
the situation in which the automated calculation of all the αn

sα
m -proportional terms, both

at the LO and the NLO, is becoming feasible. It is therefore useful to reconsider the general
structure of a cross section that involve both strong and EW interactions, and to deÞne
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NLO weak subchannels 

Heavy Boson Radiation 

Numerical results weak corrections

! (pb) 8 TeV 13 TeV 100 TeV

LO 1.001á10! 1(2.444á10! 3) 3.668á10! 1(1.385á10! 2) 24.01(2.307)

NLO QCD 2.56á10! 2(4.80á10! 4) 1.076á10! 1(3.31á10! 3) 9.69(0.902)

NLO weak ! 1.22á10! 3(! 2.04á10! 4) ! 6.54á10! 3(! 1.14á10! 3) ! 0.712(! 0.181)

Table 5: LO, NLO QCD, and NLO weak contributions to the total r ate (in pb), for three
di! erent collider energies. The results in parentheses are relevant to the boosted scenario,
eq. (3.5).

"NLO (%) 8 TeV 13 TeV 100 TeV

QCD +25.6+6 .2
! 11.8 (+19 .6+3 .7

! 11.0) +29 .3+7 .4
! 11.6 (+23 .9+5 .4

! 11.2) +40 .4+9 .9
! 11.6 (+39 .1+9 .7

! 10.4)

weak ! 1.2 (! 8.3) ! 1.8 (! 8.2) ! 3.0 (! 7.8)

Table 6: NLO QCD and weak contributions, as fractions of the corresponding LO cross
section. The results in parentheses are relevant to the boosted scenario, eq. (3.5). In the
case of QCD, the results of scale variations are also shown.

The predicted rates (in pb) are given in table 5; the values outside parentheses are
the fully-inclusive ones, while those in parentheses are relevant to the boosted scenario;
in both cases, the NLO QCD contributions are sizable and positive. As far as the NLO
weak contributions are concerned, they are negative and in absolute value rather small in
the fully inclusive case, although their relative impact w.r.t. that of QCD tends to increase
with the collider energy. This picture is reversed (i.e. theimpact slightly decreases) in the
boosted scenario5, where on the other hand the absolute values of the weak contributions
are non-negligible. These features can be understood more directly by looking at the NLO
contributions as fractions6 of the corresponding LO cross section; they are reported in this
form in table 6. In that table, the entries of the Þrst (second) row are the ratios of the
entries in the second (third) row over those in the Þrst row oftable 5. One sees that the
QCD contributions increase the LO cross sections by 25%(20%) to 40%, while the weak
ones decrease it by 1% to 3% in the fully-inclusive case, and by 8% when the cuts of eq. (3.5)
are applied. In the Þrst row of table 6 we also report (by usingthe usual ÒerrorÓ notation)
the fractional scale uncertainty that a! ects the LO+NLO QCD r ates. This is computed
by taking the envelope of the cross sections that result fromthe scale variations as given in
eq. (3.4), and by dividing it by the LO predictions obtained with central scales. Note that
this is not the usual way of presenting the scale systematics(which entails using the central
LO+NLO prediction as a reference), and thus the results of table 6 might seem, at the
Þrst glance, to be larger than those reported in ref. [44], but are in fact perfectly consistent

5Having said that, we also remark that the cuts of eq. (3.5) are imposed irrespective of the collider
energy. By increasing the c.m. energy, one would have to increase the required minimal pT Õs in order to
have similarly boosted conÞgurations.

6The statistics we have employed in the computation of the cro ss sections is such that the typical error
a! ecting such fractions, in the present and forthcoming tab les, is of the order of 0.1%.
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Inclusive rates

! NLO (%) 8 TeV 13 TeV 100 TeV

gg ! 0.67 (! 2.9) ! 1.12 (! 4.0) ! 2.64 (! 6.8)

uøu ! 0.01 (! 3.2) ! 0.15 (! 2.3) ! 0.10 (! 0.5)

d ød ! 0.55 (! 2.2) ! 0.52 (! 1.9) ! 0.23 (! 0.5)

ug +0 .03 (+0.02) +0.03 (+0.01) +0.01 (< 0.01)

dg ! 0.02 (! 0.01) ! 0.02 (! 0.01) ! 0.01 (> ! 0.01)

Table 7: Breakdowns per partonic channel of the results of table 6 for the NLO weak
contributions. The results in parentheses are relevant to the boosted scenario, eq. (3.5).
By u and d we understandc and s as well, respectively. Byug and dg we understand øug
and ødg as well, respectively.

with those. Our choice here is motivated by the fact that, by using the LO cross sections
as references, we can compare NLO QCD and weak e! ects on a similar footing. The main
message of table 6 is, then, that in the fully inclusive case the weak contributions are
entirely negligible in view of the scale uncertainties that a! ect the numerically-dominant
LO+NLO QCD cross sections. On the other hand, in the boosted scenario they become
comparable with the latter, and they must thus be taken into account. This feature will
also be evident when di! erential distributions will be considered (see sect. 3.2).

The impacts of the individual partonic channels on the NLO weak contributions are
reported in table 7, still as fractions of the LO cross sections Ð hence, the sum of all the
entries in a given column of table 7 is equal to the entry in thesame column and in the last
row of table 6. We point out that this breakdown into individu al partonic contributions,
which is rather commonly shown in the context of EW calculations, is unambiguous because
QCD-induced singularities are only of soft type (see sect. 2.1), and thus real-emission matrix
elements and their associated Born-like counterparts havethe same initial-state partons.
From table 7 we see, as is expected, that the dominance of theggchannel, which is moderate
at 8 TeV, rapidly increases with the collider c.m. energy. This trend is mitigated when the
cuts of eq. (3.5) are applied, to the extent that, at the LHC, the uøu + død cross section is
larger than or comparable to the gg one: the boosted scenario forces the BjorkenxÕs to
assume larger values, where the quark densities are of similar size as that of the gluon.

We now turn to considering the contributions due to processes that feature an extra
weak boson in the Þnal state, on top of the Higgs which is present by deÞnition; we remind
the reader that these contributions have been denoted by HBR(see table 4). The relevant
results are shown in table 8, as fractions of the corresponding LO cross section; hence, they
are directly comparable to the last row of table 6. Note that, in the case of thetøtHH
Þnal state, a kinematic conÞguration contributes to the boosted scenario provided that the
Higgs-pT cut of eq. (3.5) is satisÞed for at least one of the two Higgses. From tables 8 and 6,
one sees that the HBR and NLO weak contributions, in the case of the fully-inclusive cross
sections, tend to cancel each other to a good extent: at the 75%, 50%, and 30% level at 8,
13 and 100 TeV respectively. This is not true in the boosted scenario: although the HBR
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! HBR (%) 8 TeV 13 TeV 100 TeV

W +0.42(+0.74) +0.37(+0.70) +0.14(+0.22)

Z +0 .29(+0.56) +0.34(+0.68) +0.51(+0.95)

H +0 .17(+0.43) +0.19(+0.48) +0.25(+0.53)

sum +0 .88(+1.73) +0.90(+1.86) +0.90(+1.70)

Table 8: Contributions due to W, Z , and H radiation, as fractions of the corresponding
LO cross section. The results in parentheses are relevant tothe boosted scenario, eq. (3.5).

cross sections grow faster than the LO ones (being 0.9% of thelatter in the fully-inclusive
case, and 1.7% in the boosted one), their growth is slower than that of their NLO-weak
counterparts. Both contributions feature Sudakov logarithms, but we point out that the
overall scaling behaviour in hadronic collisions is determined, among other things, by the
complicated interplay between that of the matrix elements, and the parton luminosities;
the latter are not the same in the case of the NLO-weak and HBR contributions. This
has several consequences. For example, we note that the relative individual contributions
to the HBR cross sections behave di! erently with the collider energy: the W -emission
contribution decreases, while theZ - and H -emission ones increase, owing to the presence
of gg-initiated partonic processes. Furthermore, the growth ofPDFs at small xÕs implies
that processes are closer to threshold than the collider energy would naively imply, and thus
the phase-space suppression due to the presence of an extra massive particle in the HBR
processes is not negligible. Finally, this mass e! ect also implies that the Bjorken xÕs relevant
to HBR are slightly larger than those relevant to the NLO-weak contributions, and are thus
associated on average with slightly smaller luminosity factors. As was already discussed
in sect. 2.1, the results of table 8 are an upper bound for the HBR contributions when
these are subject to extra boson-tagging conditions, whichhave not been considered here.
On the other hand, nothing prevents one from deÞning thetøtH cross section inclusively
in any extra weak-boson radiation; given the opposite signsof the NLO-weak and HBR
cross sections, this may possibly be beneÞcial (for example, if constraining or measuring
" tøtH ). Such a deÞnition is fully consistent with perturbation th eory, since both HBR and
NLO-weak contributions are of O(#2

s#2).
All the results presented so far have been obtained in the#(mZ ) scheme. It is therefore

interesting to check what happens by considering theGµ scheme, which entails a di! erent
renormalisation procedure and di! erent inputs. In such a scheme we have (at the LO):

1
#

= 132.23. (3.6)

The LO results are presented in the Þrst row of table 9; the second row displays the relative
di! erence w.r.t. their #(mZ )-counterparts of table 5:

" Gµ
LO =

LO ! LOGµ

LO
. (3.7)
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!

NLO corrections 

(Boosted regime in brackets) 

Partial compensation of 
Sudakov logs
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The Þrst complete calculation of the next-to-leading-orde r electroweak corrections to four-lepton
production at the LHC is presented, where all o ! -shell e! ects of intermediate Z bosons and photons
are taken into account. Focusing on the mixed Þnal state µ+ µ! e+ e! , we study di! erential cross
sections that are particularly interesting for Higgs-boso n analyses. The electroweak corrections are
divided into photonic and purely weak corrections. The form er exhibit patterns familiar from similar
W/Z-boson production processes with very large radiative t ails near resonances and kinematical
shoulders. The weak corrections are of the generic size of 5%and show interesting variations, in
particular a sign change between the regions of resonant Z-pair production and the Higgs signal.

PACS numbers: 12.15.Ji, 12.15.Lk

Introduction

The investigation of pair production processes of elec-
troweak (EW) gauge bosons W, Z, and! is of great im-
portance at the CERN Large Hadron Collider (LHC).
These processes have sizeable cross sections and provide
experimentally clean signatures via the leptonic decay
modes of the W or Z bosons. On the one hand, they
o! er an indirect window to potential new-physics e! ects
through their sensitivity to the self-interactions among
the EW gauge bosons; on the other hand, these reac-
tions represent sources of irreducible background to many
direct searches for new particles (e.g. additional heavy
gauge bosons W!, Z!) and to precision studies of the Higgs
boson discovered in 2012 in particular.

In order to optimally exploit and interpret LHC data,
theoretical predictions to weak-gauge-boson pair produc-
tion have to be pushed to an accuracy at the level of per-
cent, a task that requires the inclusion of higher-order
corrections of the strong and EW interactions and of de-
cay and o! -shell e! ects of the W/Z bosons. In this paper
we focus on the reaction pp! µ+ µ" e+ e" + X , which
does not only include doubly-resonant ZZ production,
but also interesting regions in phase space where at least
one of the Z bosons is far o! shell, as for example observed
in the important Higgs decay channels H! 4 leptons.

Precision calculations for Z-boson pair production with
leptonic decays have been available for a long time in-
cluding next-to-leading order (NLO) QCD corrections [1Ð
3]. They have even been pushed to next-to-next-to-
leading order (NNLO) accuracy recently [4, 5], with a
signiÞcant contribution from gluonÐgluon fusion calcu-
lated already before [6Ð8]. Beyond Þxed perturbative
orders, NLO QCD corrections were matched to a par-

ton shower in Refs. [9Ð13]; in Ref. [14] even di! erent jet
multiplicities were merged at NLO QCD. Electroweak
corrections at NLO are only completely known for stable
Z bosons [15, 16], and in some approximation includ-
ing leptonic decays of on-shell Z bosons [17]. The EW
corrections to Z-pair production with o! -shell Z bosons,
on the other hand, are not yet known. In this paper,
we Þll this gap and present results of the Þrst full NLO
EW calculation for the process pp ! µ+ µ" e+ e" + X
in the Standard Model, including all o! -shell contribu-
tions. This allows us, in particular, to investigate EW
corrections in the yet unexplored kinematic region below
the ZZ threshold, where direct Z-pair production is an
important background to Higgs-boson analyses.

General setup of the calculation

At leading order (LO), the production of µ+ µ" e+ e"

Þnal states almost exclusively proceeds via quarkÐ
antiquark annihilation. Contributions from !! collisions
are extremely small (they contribute only at the level of a
few per mille to the total cross section) owing to the sup-
pression of the photon density in the proton; we therefore
do not consider!! contributions in this letter.

The LO amplitude for qøq annihilation involves contri-
butions containing two, one, or no Z-boson propagators
that may become resonant. At NLO, the same is true for
qøq amplitudes with EW loop insertions and the corre-
sponding amplitudes with real photonic bremsstrahlung.
Since no couplings to W bosons are involved at LO, we
can divide the EW corrections into separately gauge-
independent photonic and purely weak contributions. By
deÞnition, the former comprise all contributions with real

LHC calculations quite recent. Compare with LEP:
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Abstract:
The complete matrix elements for e+ e! ! 4f and e+ e! ! 4f ! are calculated in the

Electroweak Standard Model for polarized massless fermions. The matrix elements for
all Þnal states are reduced to a few compact generic functions. Monte Carlo generators
for e+ e! ! 4f and e+ e! ! 4f ! are constructed. We compare different treatments of
the Þnite widths of the electroweak gauge bosons; in particular, we include a scheme with
a complex gauge-boson mass that obeys all Ward identities. The detailed discussion of
numerical results comprises integrated cross sections as well as photon-energy distributions
for all different Þnal states.
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All these hundred-citation works 
were before “NLO revolution”. 
2—>4 exact was initially not 
possible. 
Lot of techniques invented to 
circumvent/solve the problem: 
DPA, CMS, non-factorisables …
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