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Abstract: We present NLO electroweak corrections to Higgs production in association

with off-shell top-antitop quark pairs. The full process pp → e+νeµ
−ν̄µbb̄H is considered,

and hence all interference, off-shell, and non-resonant contributions are taken into account.

The electroweak corrections turn out to be below one per cent for the integrated cross sec-

tion but can exceed 10% in certain phase-space regions. In addition to its phenomenological

relevance, the computation constitutes a major technical achievement as the full NLO vir-

tual corrections involving up to 9-point functions have been computed exactly. The results

of the full computation are supported by two calculations in the double-pole approximation.

These also allow to infer the effect of off-shell contributions and emphasise their importance

especially for the run II of the LHC. Finally, we present combined predictions featuring both

NLO electroweak and QCD corrections in a common set-up that will help the experimental

collaborations in their quest of precisely measuring the aforementioned process.
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1 Introduction

Since the discovery of the Higgs boson [1, 2] at the Large Hadron Collider (LHC), signif-

icant experimental efforts have been devoted to probing its properties. Among these, the

Higgs-boson couplings to other particles and in particular to the top quark are of prime

importance. The measurement of Higgs-boson production in association with a pair of

top quarks is a key input in that respect. The experimental measurement of this pro-

cess is particularly challenging due to the large fraction of top quarks produced by other

processes. Thus, so far only evidence for such a process has been achieved [3–7]. This

measurement allows to examine possible new-physics contributions in the top-quark-Higgs

Yukawa coupling. Hence, state-of-the-art predictions at next-to-leading-order (NLO) elec-

troweak (EW) and QCD will soon be very valuable for the experimental collaborations in

order to precisely measure the process and possibly discover new-physics mechanisms.

For the production of a Higgs boson in association with on-shell top quarks, already

several NLO QCD computations have been performed [8–11], and their matching to parton

showers [12–14] is also available. Moreover, resummation of soft-gluon-emission contribu-

tions for tt̄H production has been performed to next-to-next-to-leading-logarithmic (NNLL)

accuracy [15–18]. On the other hand, the computation of the NLO QCD corrections for

off-shell top quarks has been realised only recently for the first time at the LHC [19] and at

a linear collider [20]. Concerning NLO EW, only computations in the limit of on-shell top

quarks [21–23] or in the narrow-width approximation [24] are available so far. With the
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present computation we go beyond the on-shell approximation and compute for the first

time the full NLO EW corrections to Higgs-boson production in association with off-shell

top quarks, i.e. the complete process pp → e+νeµ
−ν̄µbb̄H. Hence, it features all non-

resonant, interference, and off-shell effects allowing to make realistic predictions that can

be directly compared to experiments. The present article follows a series of several NLO

computations involving off-shell top quarks [19, 25, 26].

The presented computation is also a major technical achievement. While the Born

and real contributions are of similar complexity as those in refs. [19, 25, 26], the virtual

contributions are significantly more complicated. Indeed, this is the first time that an NLO

computation involving one-loop amplitudes with up to 9-point functions is made public. So

far, the most complicated NLO computations have been limited to 8-point functions [26–

28]. This progress is made possible by the use of the public codes Recola [29, 30] and

Collier [31, 32].

In addition to calculating the NLO EW corrections to the complete process, two com-

putations in a double-pole approximation (DPA) are also provided. In the first one, two

resonant W bosons are required while in the second, two resonant top quarks are demanded.

On the one hand, the DPAs allow to estimate the size of non-resonant and off-shell contri-

butions and hence to infer the validity of on-shell computations especially for differential

distributions. Secondly, they constitute an important cross-check of the full computation.

This is an important point as the full virtual amplitude is particularly involved. Both

DPAs turn out to be very good approximations of the full computation.

Finally, in order to provide state-of-the-art predictions for Higgs-boson production

in association with off-shell top quarks, we have recomputed the NLO QCD corrections

presented in ref. [19]. In that way we can provide predictions featuring both NLO EW

and QCD corrections to the full process in a consistent set-up. We present results for two

different ways of combining NLO effects. The first one is an additive combination while

the second one is a multiplicative combination.

In section 2 details concerning the calculation are provided. While sections 2.1 and 2.2

are devoted to the description of real and virtual corrections, respectively, in section 2.3 the

two DPAs are reviewed, and in section 2.4 the validation of the computation is described.

In section 3, numerical results are presented for a centre-of-mass energy of
√
s = 13TeV

at the LHC. In particular, in section 3.1 the event selection and the input parameters

are specified, and in sections 3.2 and 3.3 the results for the integrated cross sections and

differential distributions are provided. The comparison between the full calculation and

the two DPAs is performed in section 3.4 for both the total cross section and differential

distributions. Finally, predictions for the LHC including both NLO EW and QCD are

provided in section 3.5. Section 4 contains the conclusion.

2 Details of the calculation

In the present article, the NLO EW corrections to the full hadronic process

pp → e+νeµ
−ν̄µbb̄H, (2.1)
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Figure 1. Sample tree-level Feynman diagrams with two (left), one (middle) and no (right) top-

quark resonances.
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Figure 2. Sample tree-level Feynman diagrams with photons in the initial state.

are presented. We consider the lowest-order cross section of the order O
(
α2
sα

5
)
. The EW

corrections to this process consist of all possible corrections of the order O
(
α2
sα

6
)
. We

have neglected the LO electroweak process of order O
(
α7

)
, while the LO interferences of

order O
(
αsα

6
)
vanish. For reference, we have computed the Born process with initial state

γg of order O
(
αsα

6
)
and choose to present the corresponding results separately. We have

not calculated the QCD corrections to this process, which are of order O
(
α2
sα

6
)
, as the

photon-induced process contributes only at the per-cent level and thus these corrections are

negligible. The calculation presented here includes all interferences, resonant, non-resonant,

and off-shell effects of the massive intermediate particles, i.e. the top quarks and the gauge

bosons. In figure 1, representative LO diagrams featuring two, one, and no resonant top

quark(s) are shown for gluon- and quark-induced processes. In figure 2, three diagrams

of the photon-initiated process are depicted. Note that the quark-mixing matrix has been

assumed to be diagonal, and the bottom-quark parton distribution function (PDF) has

been neglected.

To perform the numerical integration, an in-house multi-channel Monte Carlo program

MoCaNLO [33] has been employed. It has already been used for several computations

involving processes with high multiplicity [19, 26, 28]. The multi-channel phase-space

integration follows the ones of refs. [34–36]. The infrared (IR) singularities in the real

contributions are treated with the dipole subtraction method [37–39]. All matrix-elements
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Figure 3. Two Feynman diagrams squared for real corrections featuring interference between QCD

and EW tree-level diagrams. The decay products of the top quarks are not shown as their inclusion

does not alter the discussion.

are provided by the computer code Recola-1.1 [29, 30]1 and the loop-integral library

Collier-1.1 [31, 32].2

2.1 Real corrections

The real corrections to the process (2.1) consist of all real-radiation contributions at the

order O
(
α2
sα

6
)
. The first type of corrections results from photons radiated off any of the

charged particles. In addition, interferences of a QCD-mediated process emitting a gluon

with its EW counterpart in the qq̄ channel must be taken into account. This is exemplified

on the left-hand side of figure 3 where for simplicity on-shell top quarks are represented

even if the computation comprises off-shell top quarks. Finally, a last type of interference

appears in the qg or q̄g channel as shown on the right-hand side of figure 3.

The Catani-Seymour subtraction formalism for QCD [37, 38] and QED [39] has been

used for the treatment of the IR singularities. Both the QCD and QED singularities from

collinear initial-state splittings have been absorbed in the PDFs using the MS factorisa-

tion scheme. We use the LUXqed plus PDF4LHC15 nnlo 100 set [40] that provides a MS

photon PDF. Note that all ingredients needed for the real-subtracted part (squared am-

plitudes for the real-correction processes as well as the colour- and spin-correlated squared

amplitudes) have been obtained from the computer code Recola [29, 30].

2.2 Virtual corrections

Analogously to the real corrections, two types of virtual corrections must be taken into

account. The first type arises from one-loop amplitudes of order O
(
αsα

7/2
)
interfered with

tree amplitudes of order O
(
αsα

5/2
)
. For the q̄q channels, the second type of corrections

results from the interference of one-loop amplitudes of order O
(
α2
sα

5/2
)
with tree ampli-

tudes of order O
(
α7/2

)
. A sketch of these two types of corrections is shown in figure 4. As

for the interferences in the real corrections, the decay products of the top quarks are not

1It is publicly available at https://recola.hepforge.org.
2It is publicly available at https://collier.hepforge.org.
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Figure 5. Example of nonagon and octagon one-loop Feynman diagrams.

shown since their inclusion does not alter the discussion. Two of the most complicated loop

diagrams (8- and 9-point functions) are displayed in figure 5. These virtual contributions

are provided by the matrix-element generator Recola [29, 30] in the ’t Hooft-Feynman

gauge in dimensional regularisation. The Collier library [31, 32] is used to calculate the

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

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

cussed in section 2.4, the 9-point functions yield sizeable contributions to the full process.

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

and reliable one-loop amplitudes for complicated processes.

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

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

weak mixing angle are complex quantities,

M
2

W = M2
W − iMWΓW, M

2

Z = M2
Z − iMZΓZ, and cos θw =

MW

MZ

. (2.2)
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2.3 Double-pole approximation

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

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

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

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

ref. [26] and references therein.

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

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

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

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

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

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

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

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

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

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

tributions no pole approximation is utilised. But in order to cancel the IR singularities orig-

inating from the virtual corrections, one has to apply the on-shell projection to the terms

containing the I-operator in the integrated dipole contribution.3 On the other hand, the P -

and K-operator terms are still evaluated with the off-shell kinematics like the real correc-

tions. This introduces a mismatch, which is of the order of the intrinsic error of the DPA.

The process pp → e+νeµ
−ν̄µbb̄H is dominated by the production of two top quarks

that decay into bottom quarks and lepton-neutrino pairs via W bosons. Requiring either

two resonant top quarks or two resonant W bosons is thus expected to approximate well the

full process. We have studied two different DPAs for the process (2.1): in one case (WW

DPA), two resonant W bosons are demanded, while in the second case (tt DPA), two res-

onant top quarks are required. The momenta of the resonant particles entering the matrix

elements have to be projected on shell in order to ensure gauge invariance. The two on-shell

projections are identical to the ones of ref. [26]. For the WW DPA, the on-shell projection

is designed such that the invariants of the top quarks are left untouched. Analogously, for

the on-shell projection of tt DPA, the invariants of the W bosons are not modified.

In the DPA, two different kinds of corrections appear, factorisable and non-factorisable

corrections. The factorisable virtual corrections can be uniquely attributed either to the

production of the resonant particles or to their decays. For a pole approximation (PA)

with r resonances (r = 2 for a DPA), they can be written as [52]

Mvirt,fact,PA =
∑

λ1,...,λr

(
r∏

i=1

1

Ki

)[
MI→N,R

virt

r∏

j=1

Mj→Rj

LO (2.3)

+MI→N,R
LO

r∑

k=1

Mk→Rk

virt

r∏

j 6=k

Mj→Rj

LO

]

{
k
2

l →k̂
2

l =M2
l

}

l∈R

.

3The I-, P -, and K-operator are defined in ref. [37].
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The propagator of the resonant particle i is Ki = k
2

i −M
2

i , where M
2

i = M2
i − iMiΓi is its

complex mass squared. The on-shell projection is applied everywhere in the matrix element

but in the resonant propagators Ki and is indicated by

{
k
2

l → k̂
2

l = M2
l

}
. The indices I,

R, Ri and N denote the ensembles of initial particles, resonant particles, decay products

of the resonant particle i, and the final-state particles not resulting from the decay of a

resonant particle. Finally λi represents the polarisations of the resonance i. Note that

these virtual factorisable corrections have been obtained via the computer code Recola,

which allows to select resonant contributions at both LO and NLO.

When taking the on-shell limit of the momenta of the resonant particles, artificial IR

singularities related to charged resonances are introduced. These artificial IR divergences

are cancelled when including non-factorisable corrections. The non-factorisable corrections

result from diagrams that do not split into production and decay parts by cutting only the

resonant lines but also include contributions from factorisable diagrams [50]. The latter

are obtained by taking the factorisable diagrams, where the IR singularities related to the

resonant particles are regularised by the finite decay widths, and subtracting these con-

tributions for zero decay width, which contains the artificial IR-divergent piece mentioned

previously. The non-factorisable corrections can be written in the form

2Re
{
M∗

LO,PAMvirt,nfact,PA

}
= |MLO,PA|2δnfact, (2.4)

where δnfact is a function of scalar integrals (computed using the Collier library) whose

expression can be found in refs. [26, 52].

As explained previously, the qq̄ channels have two kinds of virtual NLO contribu-

tions connected by IR divergences: one-loop amplitudes of order O
(
αsα

7/2
)
interfered

with tree amplitudes of order O
(
αsα

5/2
)
and the interference of one-loop amplitudes of

order O
(
α2
sα

5/2
)
with tree amplitudes of order O

(
α7/2

)
. Thus, the DPA must be applied

to both types of virtual corrections.

2.4 Validation

The hadronic cross section for the full LO process as well as the photon-induced

channels for dynamical scale have been checked against the computer code Mad-

Graph5 aMC@NLO [53]. Agreement within the statistical error has been obtained. At

the squared matrix-element level, we have checked all the tree-level contributions against

MadGraph5 aMC@NLO. For Born, computing 10000 random phase-space points, we have

found an agreement of at least 11 digits for 99% of the points, whereas for the real contri-

bution, the two codes agree for 99% of the points within at least 8 digits.

To verify the IR and ultra-violet (UV) finiteness, the cross section has been computed

for different IR and UV regulators, respectively. In order to check the proper subtrac-

tion of IR divergences the α parameter4 has been varied from 10−2 to 1. The param-

eter α can restrict the phase space for the dipole subtraction terms to the vicinity of

the singular regions [54] and thus improves numerical stability. We have also checked a

4The results presented in this article are obtained for α = 10−2.
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Ward identity for the gluon-induced virtual amplitude, substituting in the one-loop am-

plitude the polarisation vector of one of the initial-state gluons by its momentum nor-

malised to its energy, as ǫµg → pµg/p0g. Looking at the cumulative fraction of events with

Re
[
M∗

0(ǫg)M1(ǫg → pg/p
0
g)
]
/Re [M∗

0(ǫg)M1(ǫg)] larger than given values, we have found

comparably good results to those of refs. [19, 26]. We remark that the Ward identity is

completely spoiled if we omit the contributions of 9-point functions. For the gluon-induced

channel, the full virtual contribution to the integrated cross section is 0.0555(6). With-

out 9-point functions, it is 0.381(4), while the contribution of 9-point functions alone is

−0.322(5). This indicates that the 9-point functions yield a sizeable contributions to the

cross section. Finally, to check the virtual corrections, two DPAs have been used and agree

very well with the full computation (see below).

Concerning the QCD corrections, we have simply reproduced representative contribu-

tions of ref. [19] as this computation has undergone already numerous checks. Since we use

the same Monte Carlo program and have access to the splitting of every single contribution,

we have been able to check each of them in detail.

3 Numerical results

3.1 Input parameters and event selection

In this section, we present predictions for the LHC operating at a centre-of-mass energy√
s = 13TeV. In particular, the integrated cross section and differential distributions

including NLO EW corrections are reported. The PDFs have been incorporated through

LHAPDF 6.1.5 [55, 56]. Specifically, the LUXqed plus PDF4LHC15 nnlo 100 set [40] has

been used for all LO and NLO results. It is next-to-next-to-leading-order (NNLO) accurate

in QCD and includes all terms of order αL (αsL)
n, α (αsL)

n, and α2L2 (αsL)
n, where

L = ln(µ2/m2
p), µ is the renormalisation scale, and mp is the proton mass. For the QCD

partons, this PDF set is based on refs. [57–62]. Moreover, it features the inclusion of an

MS photon PDF needed for the photon-initiated contributions. For the renormalisation

and factorisation scale, the following dynamical scale has been chosen [19]:

µdyn =
(
mT,tmT,tmT,H

) 1

3 with mT =
√
m2 + p2T. (3.1)

Note that contributions for bottom-quark PDFs have been neglected.

The Gµ scheme [50] has been used where α is obtained from the Fermi constant,

α =

√
2

π
GµM

2
W

(
1− M2

W

M2
Z

)
with Gµ = 1.16637× 10−5GeV−2, (3.2)

leading to α = 0.0075553105 . . . .

The numerical values for the masses and widths used in this computation read [63]:

mt = 173.34GeV, ΓNLO
t = 1.36918 . . . GeV,

MOS
Z = 91.1876GeV, ΓOS

Z = 2.4952GeV,

MOS
W = 80.385GeV, ΓOS

W = 2.085GeV,

MH = 125.0GeV. (3.3)

– 8 –
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The masses and widths of all other quarks and leptons have been neglected. The effect of a

finite bottom-quark mass on the cross section has been found to be below the per-cent level

in our set-up [19]. The values of the top-quark widths (LO and NLO) have been taken from

ref. [64], where both EW and QCD NLO corrections for massive bottom quarks have been

calculated. The effect of the bottom-quark mass on the top-quark width has been found

to be negligible compared to the integration errors on the cross section [26]. Note that

the Higgs mass stated above is not the one used in ref. [64] but the one recommended by

the Higgs Cross section Working Group [65] (such a change has a negligible impact on the

NLO EW corrections). Finally, in this article we have used two different top-quark widths

for the LO contributions. When presenting results for the NLO EW corrections (and their

comparison to the two DPAs) the width ΓNLO,QCD
t = 1.35029GeV which features NLO

QCD corrections is used at LO. This yields relative EW correction that can be directly

compared to EW corrections in computations with on-shell top quarks. On the other

hand, when presenting the combined NLO EW and QCD results, the width used for the

LO predictions, ΓLO
t = 1.449582GeV, does not incorporate any NLO corrections.

The pole values for the gauge-boson (V = W,Z) parameters are obtained from the

measured on-shell (OS) values of the masses and widths, according to ref. [66],

MV = MOS
V /

√
1 + (ΓOS

V /MOS
V )2 , ΓV = ΓOS

V /
√
1 + (ΓOS

V /MOS
V )2. (3.4)

The anti-kT algorithm [67], is used to cluster QCD partons and photons into jets as

well as photons with light charged particles, using a jet-resolution parameter R = 0.4. In

the rapidity-azimuthal-angle plane, the distance between two particles i and j is defined as

Rij =
√
(∆φij)2 + (yi − yj)2, (3.5)

where ∆φij is the azimuthal-angle difference. The rapidity of jet i reads yi =
1
2
ln E+pz

E−pz
,

where E is the energy of the jet and pz the component of its momentum along the beam

axis. Only final-state quarks, gluons, and charged fermions with rapidity |y| < 5 are

clustered into IR-safe objects.

After recombination, standard event selections are applied on the transverse momenta

and rapidities of charged leptons and b jets, missing transverse momentum and rapidity-

azimuthal-angle distance between bottom jets. The Higgs boson is not included in the

event selection. In the final state, two bottom jets and two charged leptons are required,

and the following event selection is applied:

bottom jets: pT,b > 25GeV, |yb| < 2.5,

charged lepton: pT,ℓ > 20GeV, |yℓ| < 2.5,

missing transverse momentum: pT,miss > 20GeV,

bottom-jet-bottom-jet distance: ∆Rbb > 0.4. (3.6)

3.2 EW corrections to integrated cross section

In this section the results for the integrated cross section for the LHC at a centre-of-

mass energy of
√
s = 13TeV are presented. The different contributions are summarised

– 9 –
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Ch. σLO [fb] σNLO EW [fb] δ [%]

gg 2.0116(1) 2.020(1) +0.42

qq̄ 0.84860(5) 0.8454(6) −0.38

gq(/q̄) 0.00007(2)

γg 0.02178(1)

pp 2.8602(1) 2.866(1) +0.20

Table 1. Contributions to the integrated cross section for pp → e+νeµ
−ν̄µbb̄H(γ/j) at the LHC at

a centre-of-mass energy of
√
s = 13TeV. The quark-antiquark contributions include q = u, d, c, s.

The contribution originating from the real radiation of a quark or an antiquark is denoted by gq(/q̄).

The total cross section (denoted by pp) does not include the photon-induced channel (denoted by

γg). The definition of the relative corrections reads δ = σNLO EW/σLO. The integration errors of

the last digits are given in parentheses.

in table 1. These predictions are made for the input parameters given in eqs. (3.1)–(3.3)

and the event selections defined in eq. (3.6). We consider LO contributions of the order

O
(
α2
sα

5
)
, while the EW NLO corrections arise at order O

(
α2
sα

6
)
. The γg contributions

being of the order O
(
αsα

5
)
, have not been included in the total cross section and are shown

only for reference.

Due to the enhanced gluon PDF, the gluon-gluon-initiated channel is dominating.

The qq̄ channels including q = u, d, c, s make up 30% of the total cross section. This is in

contrast to the production of a pair of off-shell top quarks [26] where the qq̄ channels account

for only 12% of the total cross section. While the corrections to the gluon-gluon-initiated

channel are positive, those to the qq̄ channels are negative amounting +0.42% and −0.38%,

respectively. Moreover, the gq/q̄ channels give a negligible contribution to the total cross

section. In the end, for the full hadronic process, the EW corrections contribute 0.20%.

Note that the photon contributions account for 0.76% of the NLO cross section.

In ref. [22], EW corrections for the production of a Higgs boson in association with

on-shell top quarks have been reported. In the Gµ scheme, they amount to +1.8% and

comprise photon contributions of 0.2%. In our calculation the photon-induced contributions

have not been included in the definition of the NLO EW corrections. Accounting for this

effect, the two computations agree within 1.5%. Note that cuts on the final state are

applied in our computation which also includes off-shell and non-resonant contributions.

By definition, these are not taken into account in on-shell computations.

Following ref. [19], the bottom quarks have been considered massless and the bottom-

quark PDF has been neglected. This is justified by the fact that they contribute at the

per-mille level.

To conclude, the EW corrections are below the per-cent level for the integrated cross

section. For differential distributions, on the other hand, the EW corrections have a larger

impact (see below).
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3.3 EW corrections to differential distributions

Turning to differential distributions, two plots are shown for each observable. The upper

panels display the LO and NLO EW predictions, while in the lower panels the relative

corrections δ = σNLO EW/σLO−1 are shown in per cent. For reference, the γg contribution

is also displayed as δγg = σγg/σLO and labelled photon. As opposed to the distributions

shown in ref. [26], we have restricted the range of the transverse-momentum distributions to

400GeV. As the process is just about to be measured, it is unlikely that the experimental

collaborations will be able to probe the very tail of the distributions in a near future.

In figure 6, a selection of transverse-momentum distributions is shown. In all dis-

tributions, the effects of the Sudakov logarithms at high transverse momenta are clearly

visible. In general, the corrections vary between 1% and 4% for transverse momenta below

50GeV and grow negative towards high transverse momenta. At the end of the range

shown (400GeV), the EW corrections reach up to −8%.

This is exemplified in figure 6a, where the distribution of the muon transverse mo-

mentum is presented. We have checked that the negative corrections for large transverse

momenta are solely driven by the virtual contributions containing the Sudakov logarithms

(not shown separately in the plots). The distribution in the missing transverse momentum

in figure 6b features the largest EW corrections which amount to −8% at 400GeV. The

missing momentum is defined as the sum of the transverse momenta of the two neutrinos,

i.e. pT,miss =
∣∣pT,νe + pT,ν̄µ

∣∣. In figures 6c and 6d the transverse momentum of the harder

bottom quark (according to pT ordering) and the transverse momentum of the bottom-

quark pair are displayed, respectively. Both observables receive corrections reaching −6%

at 400GeV and show similar behaviours. Figure 6e shows the distribution in the transverse

momentum of the produced Higgs boson. At zero transverse momentum, the EW correc-

tions amount to about 3% to reach −6% for a Higgs boson with a transverse momentum

of 400GeV. Finally, the transverse momentum of the reconstructed top quark is displayed

in figure 6f. There, the EW corrections start at the level of +4% below 50GeV to reach

−4% at 400GeV.

In contrast to previous computations for top-quark-pair production [26, 68], the

photon-induced contributions are stable over the whole range. The reason is that in the

previous computations, the NNPDF23 nlo as 0119 qed set [69–71] has been used, while

for the present computation the LUXqed plus PDF4LHC15 nnlo 100 set [40] is employed.

The latter features small photon PDF contributions and smaller errors. In particular, in

the high-energy tail of distributions, the photon-induced contributions stay below one per

cent while they were reaching 10% with previous PDF sets.

We turn to invariant-mass and angular distributions. As it is well known [19, 25, 26],

the corrections to the reconstructed invariant top mass in figure 7a display a radiative tail

below the top-mass threshold. This is due to photons which have not been reconstructed

with final-state particles. At 167GeV, the corrections reach +15% while at 181GeV they

are practically zero. At the nominal top mass, the EW corrections amount to −2%.

The distribution in the invariant mass of the muon-antibottom system displayed in

figure 7b is particularly interesting. The threshold M2
t − M2

W ≃ (154GeV)2 marks the
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Figure 6. Transverse-momentum distributions at the LHC running at a centre-of-mass energy√
s = 13TeV: (a) for the muon (upper left), (b) for the missing momentum (upper right), (c) for

the harder bottom jet (middle left), (d) for the bottom-jet pair (middle right), (e) for the Higgs

boson (lower left), and (f) for the reconstructed top quark (lower right). In the lower panels, the

relative NLO EW corrections δ = σNLO EW/σLO − 1 and the relative photon-induced contributions

δ = σγg/σLO in per cent are shown.
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Figure 7. Distributions at the LHC running at a centre-of-mass energy
√
s = 13TeV: (a) invariant

mass of the reconstructed top quark (upper left), (b) invariant mass of the µ−b̄ system (upper right),

(c) invariant mass of the reconstructed tt̄H system (middle left), (d) cosine of the angle between the

positron and the muon (middle right), (e) rapidity of the Higgs boson (lower left), and (f) rapidity of

the muon (lower right). In the lower panels, the relative NLO EW corrections δ = σNLO EW/σLO−1

and the relative photon-induced contributions δ = σγg/σLO in per cent are shown.
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transition between the on-shell and off-shell production of the top-antitop quark pair [19,

25, 26]. Below and above this point, the EW corrections vary between −1% and +1%

while they increase to about +2% at threshold. One also notices that the photon-induced

contributions are constant below threshold at the level of 1% but start to increase above

threshold to reach +5% at 400GeV.

The distribution in figure 7c displays the invariant mass of the reconstructed tt̄H sys-

tem. It includes all the particles produced and thus shows the EW correction as a function

of the partonic centre-of-mass energy. At 500GeV, i.e. just above the threshold 2mt+MH ≃
472GeV, the corrections are at the level of 10% and go down to −5% at 1500GeV.

The distribution in the cosine of the angle between the positron and the muon is

displayed in figure 7d. As for QCD corrections (with a larger amplitude), the relative EW

ones are increasing between cos θe+µ− = −1 and cos θe+µ− = 1 from −0.5% to +1.5%.

Finally, we show the rapidity distribution of both the Higgs boson and the muon in

figures 7e and 7f. The other rapidity distributions also do not display any particular EW

corrections, and no variation is observed over the whole rapidity range.

For the observables involving the reconstructed top quarks and/or the final-state Higgs

boson, qualitatively we have found similar results than the ones presented in ref. [22]. As for

the total cross section, a quantitative comparison is not possible due to the event selection

applied in our off-shell calculation.

3.4 Comparison to the double-pole approximations

In this section a study of two different DPAs for the off-shell production of top-quark pairs

in association with a Higgs boson is presented. In particular, by comparing them to the

full calculation at the level of integrated cross section and differential distributions, we

can infer the quality of these two approximations. The first approximation requires two

resonant top quarks, while for the second two resonant W bosons are demanded.

Integrated cross section. To start, we report results at LO for the integrated cross

section for both the gg and qq̄ channels in table 2. While the WW DPA agrees with the full

LO result within one per cent, the tt DPA only agrees at the level of 1.5–2%. The WWDPA

approximates the full calculation better as it comprises most diagrams of the full process.

In particular, it contains all the doubly and singly top-quark resonant contributions as

well as some non-resonant contributions while by definition the tt DPA only contains the

doubly-resonant top-quark contributions. Nonetheless, the agreement matches the order of

magnitude Γ/M expected for a DPA. Since the γg channels contribute below the per-cent

level and the associated QCD corrections have been neglected, we have not studied the

DPAs for the photon-induced channel.

For the NLO EW DPAs, only the two channels that have been computed in the DPAs

are shown in table 3. Since the gq(/q̄) interference channels do not have virtual corrections,

we have not applied a DPA to them. Interestingly, both approximations reproduce the total

cross section within a per mille. Such an observation has already been made in ref. [26]

when computing the NLO EW corrections to the off-shell production of two top quarks.

The reason is that the Born, real-subtracted part and the convolution operator (P and K
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Ch. σWW DPA
LO [fb] δWW DPA

LO [%] σtt DPA
LO [fb] δtt DPA

LO [%]

gg 2.0003(1) −0.56 1.9738(1) −1.88

qq̄ 0.8437(5) −0.58 0.83640(5) −1.44

pp 2.8441(1) −0.56 2.8102(1) −1.75

Table 2. Integrated LO cross sections for the two DPAs. The relative difference is defined as

δDPA
LO = σDPA

LO /σFull
LO − 1 in per cent.

Ch. σWW DPA
NLO EW [fb] δWW DPA

NLO EW [%] σtt DPA
NLO EW [fb] δtt DPA

NLO EW [%]

gg 2.0237(6) +0.18 2.0188(2) −0.06

qq̄ 0.8470(4) +0.19 0.8446(4) −0.09

pp 2.8712(8) +0.18 2.8639(4) −0.07

Table 3. Integrated NLO cross section for the two DPAs. Only the channels where the DPAs are

applied are shown. The relative difference is defined as δDPA
NLO = σDPA

NLO/σ
Full
NLO − 1 in per cent.

operator in ref. [37]) contributions have been computed with the full off-shell kinematics.

The DPA is only applied to the virtual corrections and the I-operator which in our set-up

amount to −0.2% of the NLO predictions for the gg channel.

Differential distributions. In figure 8, the full calculation is compared with the two

DPAs at the distribution level at both LO and NLO. In the upper panels, only the WW

DPA at LO is displayed (as on a logarithmic scale the three other curves are indistin-

guishable). In the lower panels, the relative difference between the approximations and the

full computation at both LO and NLO is shown. The deviation with respect to the full

calculation is defined as δ = σDPA/σFull − 1 and expressed in per cent. Hence, in the lower

panel “LO tt” denotes σtt DPA
LO /σFull

LO − 1, while “NLO WW” denotes σWW DPA
NLO /σFull

NLO − 1

for example. We recall that for the NLO prediction, the DPA is not applied to the LO con-

tributions, the real corrections, and to the P - and K-operator terms. The LO DPAs are,

thus, not used in the computation of the NLO DPAs and are shown here only for reference.

The transverse momentum distributions of the Higgs boson (figure 8a), of the harder

bottom jet (figure 8b), and of the e+µ− system (figure 8c) exhibit similar features at LO

and NLO for both approximations. The WW DPA constitutes a better approximation than

the tt one at LO and agrees with the full calculation within 1% over the full range. The LO

tt DPA can deviate by up to 8% for the harder bottom jet at 400GeV. On the other hand,

at NLO, both approximations reproduce the full computation well. As for the total cross

section, the reason is that the DPA is only applied to the subtracted virtual corrections.

In addition, we only show distributions up to 400GeV where off-shell and non-resonant

contributions are not sizeable yet. But for higher transverse momenta, as e.g. in ref. [26] for

off-shell top-antitop production, larger deviations from the full calculation can be observed.

For example, for the NLO tt DPA, the difference can reach 4% for the transverse momentum

of the harder bottom jet at 800GeV. The disagreement is less stringent here since the NLO

EW corrections are smaller and thus the relative difference is also smaller.
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Figure 8. Comparison of the full calculation and the DPAs for various distributions at the LHC

running at a centre-of-mass energy
√
s = 13TeV: (a) transverse momentum of the Higgs boson (up-

per left), (b) transverse momentum of the harder bottom jet (upper right), (c) transverse momen-

tum of the e+µ− system (middle left) (d) transverse momentum of reconstructed top quark (middle

right), (e) invariant mass of the reconstructed top quark (lower left), and (f) invariant mass of

the reconstructed tt̄H system (lower right). In the upper panels the LO distributions for the WW

DPA are shown. The lower panels display the relative deviation of the different DPAs from the full

calculation, δ = σDPA/σFull − 1, in per cent.
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The distribution in the transverse momentum of the reconstructed top quark is dis-

played in figure 8d. All approximations agree within one per cent apart from the LO tt

DPA. The LO tt DPA is singled out from the other approximations because of its normali-

sation that disagrees by 1.75% with respect to the full LO. At zero transverse momentum,

the disagreement is about 3% while it is 1.4% around 150GeV where the bulk of the

distribution is located.

The invariant-mass distribution of the reconstructed top quark shown in figure 8e is

interesting. All approximations agree with the full computation within ±1% apart from

the LO tt DPA. At 167GeV, the LO tt DPA exceeds the full LO prediction by 5% while at

181GeV it is lower by 10%. The full computation at LO and the LO tt DPA agree exactly

at the top-quark mass value (173.34GeV).

The invariant mass of the reconstructed tt̄H system depicted in figure 8f shows similar

features than the transverse-momentum distributions. The LO tt DPA tends to diverge

from the full calculation towards higher invariant masses to disagree by almost 5% at

1500GeV. The LO WW DPA on the other hand agrees perfectly over the full range. At

NLO, both approximations describe the full computation well even at an invariant mass of

1500GeV.

No rapidity distributions are displayed here as none of them shows any shape distortion

between neither of the two DPAs and the full calculation. Differences for the LO tt DPA

are only due to the different normalisation. For the distributions in the azimuthal-angle

separation and the cosine of the angle between the two leptons, the shape distortions are

also below one per cent.

To conclude, the tt DPA does not always provide a good description of the full calcula-

tion. This is particularly apparent in phase-space regions where off-shell and non-resonant

contributions are sizeable. In these region, the DPA requiring two resonant top quarks

can disagree by up to 4%. On the contrary, for all inspected distributions, the WW DPA

describes the full calculation within a per cent over the considered phase-space range.

3.5 Combination of NLO EW and QCD corrections

In this section, we present predictions for the integrated cross section as well as distributions

taking into account both NLO EW and QCD corrections. These can be considered as

state-of-the-art predictions for the production of a Higgs boson in association with a pair

of off-shell top quarks. The NLO EW and QCD cross sections are defined as:

σNLO
QCD = σBorn + δσNLO

QCD and σNLO
EW = σBorn + δσNLO

EW , (3.7)

where the top width used in the top propagators includes both NLO QCD and EW cor-

rections both at Born and NLO level. This allows a straight-forward additive combination

of the two types of corrections:

σNLO
QCD+EW = σBorn + δσNLO

QCD + δσNLO
EW . (3.8)

Based on the definition of eq. (3.7), the multiplicative combination can be defined as

σNLO
QCD×EW = σNLO

QCD

(
1 +

δσNLO
EW

σBorn

)
= σNLO

EW

(
1 +

δσNLO
QCD

σBorn

)
. (3.9)
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σLO σBorn σNLO
QCD σNLO

EW σNLO
QCD+EW σNLO

QCD×EW

2.4817(1) 2.7815(1) 2.866(1) 2.721(3) 2.806 2.804

Table 4. Integrated cross sections for pp → e+νeµ
−ν̄µbb̄H(γ/j) at the LHC at a centre-of-mass

energy of
√
s = 13TeV. For σLO, no NLO corrections are included in the top-quark width while for

σBorn both NLO EW and QCD corrections are included. The latter Born contribution is the one

used when computing the QCD and EW NLO predictions σNLO
QCD and σNLO

EW , respectively. In addition,

two ways of combining the NLO corrections are presented. They are defined in eqs. (3.8) and (3.9)

for QCD+EW and QCD×EW, respectively. All cross sections are expressed in femtobarn (fb).

The difference between these two ways of combining NLO EW and QCD corrections can

give an estimate of the missing higher orders to the QCD-EW mixed contributions. The

NLO QCD×EW combination can be understood as an improved prediction when the typ-

ical scales of the QCD and EW corrections are well separated. This is, for example, the

case for soft QCD interactions with a scale well below the EW scale.

In table 4, a summary of the NLO QCD and EW corrections is presented. Note that

in the present calculation σBorn and σLO are not identical. While σLO is computed with

a top width without NLO corrections, σBorn is calculated with a top width featuring both

NLO EW and QCD corrections. The latter Born contribution enters the cross sections

σNLO
QCD and σNLO

EW at NLO QCD and EW, respectively. In addition the two possible ways of

combining the NLO corrections are also given. The difference is negligible (of the order of

the Monte Carlo error) and thus indicates that the missing higher orders to the QCD-EW

mixed contributions are small.

We do not discuss the effects of the NLO QCD corrections as they have been investi-

gated in detail in ref. [19], in particular, scale uncertainty and various differential distribu-

tions. We only discuss here results for the combination of both NLO EW and QCD correc-

tions. Hence, in the upper panels the LO, NLO QCD+EW as well as the NLO QCD×EW

predictions are displayed. In addition to predictions for the central scale we have also cal-

culated predictions where both the renormalisation and factorisation scale are scaled by a

factor 2 up and down. The envelope is obtained by taking the minimum and the maximum

of these three predictions. In the lower panels the ratio of the LO and NLO predictions

with respect to the LO prediction at the central scale is shown. Thus, the central curve

for NLO corresponds to the usual K factor K = σNLO/σLO. The bands in the lower panels

show the scale uncertainty resulting from the LO or NLO cross section in the numerator.

In general, the NLO effects are mainly driven by the QCD corrections as the EW cor-

rections are smaller. For instance, this can be observed in the distribution of the bottom-jet

pair shown in figure 9a. At 400GeV the combined EW and QCD corrections amount to

about 74%. There, the EW corrections reach −6% while the QCD ones reach almost

80% [19]. Thus, even if the EW corrections are non-negligible, they look small by compar-

ison to large QCD corrections. For this particular distribution, this huge effect is due to a

kinematical constraint at LO which forces the transverse momenta of the bottom-jet-pair

system to be strongly suppressed above 150GeV. At NLO, this kinematical constraint

is relaxed by the emission of an extra parton and thus leads to a huge K factor in this

phase-space region.
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The difference between the NLO combinations QCD+EW and QCD×EW gives an

estimate of the missing higher orders of QCD-EW mixed contributions. In this regard,

the two different ways of combining NLO effects give rather similar results. Consider

for example the distribution in the missing transverse energy in figure 9b where the EW

corrections reach 8%. At this very point, the two combinations differ by roughly two per

cent at 400GeV indicating that missing higher orders are expected to be small in this

phase-space region.

Figures 9c and 9d depict the transverse-momentum distribution of the Higgs boson and

of the reconstructed top quark, respectively. These are key observables for a measurement

of the Higgs production in association with top quarks.

Finally, the transverse momentum of the harder bottom jet and of the e+µ− system are

shown in figures 9e and 9f, respectively. As the QCD corrections are positive, adding the

EW corrections has the effect of damping the QCD corrections in the high-energy regime

where Sudakov logarithms arise.

In figure 10 invariant-mass and angular distributions are presented. In figure 10a, a

radiative tail resulting from non-recombined QCD-partons/photon is perfectly visible in

the invariant-mass distribution of the reconstructed top quark. At 167GeV, the effect of

the EW corrections was found to be large (about +15% as can be seen in figure 7a). In the

radiative tail NLO QCD+EW and NLO QCD×EW differ by 50%. Where EW (and QCD)

corrections are large, some higher-order contributions to mixed QCD-EW contributions

might still be relevant.

The invariant mass of the reconstructed tt̄H system, displayed in figure 10b, shows the

combined effect of the NLO QCD and EW correction as a function of the partonic centre-

of-mass energy. Both QCD and EW corrections diminish the cross section towards higher

energies. In the distribution of the cosine of the angle between the positron and the muon

(figure 10c), both NLO corrections give increasing contributions between cos θe+µ− = −1

and cos θe+µ− = 1 ranging from 0% to 30%. Finally, the distribution in the rapidity of the

Higgs boson is shown in figure 10d. This prediction is basically dominated by the QCD

effects as the EW corrections do not show any noticeable shape distortion over the whole

range for this observable. This holds true as well for other rapidity distributions.

To conclude, the combined predictions at NLO QCD and EW are, as expected, mostly

dominated by QCD effects. Nonetheless, in some phase-space regions EW corrections are

non-negligible and should be taken into account in any precise analysis. The difference

between the additive and multiplicative combination turns out to be small apart for some

observables where EW corrections are large. In particular, it is always smaller than the

scale uncertainty of the NLO QCD corrections.

4 Conclusions

The production of the Higgs boson in association with two top quarks will soon be measured

at the LHC. In that respect precise predictions directly comparable with experiments are of

prime importance. This means that decay products of the top quarks should be included,

and event selections should be applied to them. In that way, one obtains realistic predictions

for the full process pp → e+νeµ
−ν̄µbb̄H.
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Figure 9. Combined NLO EW and QCD corrections for various distributions at the LHC running

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

left), (b) for the missing momentum (upper right), (c) for the Higgs boson (middle left) (d) for the

reconstructed top quark (middle right) (e) for the harder bottom jet (lower left), and (f) for the

e+µ− system (lower right). In the upper panels the LO, the NLO QCD+EW and NLO QCD×EW

distributions are shown. The lower panels display the two differently combined NLO predictions

with respect to the LO one as K = σNLO/σLO.
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Figure 10. Combined NLO EW and QCD corrections for various distributions at the LHC running

at a centre-of-mass energy
√
s = 13TeV: (a) invariant mass of the reconstructed top quark (upper

left), (b) invariant mass of the reconstructed tt̄H system (upper right), (c) cosine of the angle

between the positron and the muon (lower left) (d) rapidity of Higgs boson (lower right). In the

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

panels display the two combined NLO predictions with respect to the LO one as K = σNLO/σLO.

For this process, the NLO QCD corrections have been recently computed, but the

NLO electroweak (EW) ones were still missing. We have filled this gap by computing NLO

EW corrections for the full process. This constitutes a particularly challenging computation

especially for the virtual corrections. There, for the first time in a public NLO computation,

one-loop amplitudes featuring up to 9-point functions appear. This is rendered possible

by the use of the computer codes Recola and Collier that can provide fast and reliable

tree and one-loop amplitudes particularly suited for Monte Carlo simulations.

Our calculation of EW corrections to the full process pp → e+νeµ
−ν̄µbb̄H includes

all interference, off-shell, and non-resonant contributions. The EW corrections to the
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fiducial cross section turn out to be small, i.e. below one per cent. Nonetheless, in certain

phase-space regions, the EW corrections do become large. They can reach −10% for some

transverse-momentum distributions, e.g. the missing-transverse-energy distribution. The

enhanced electroweak corrections are due to Sudakov logarithms that grow negatively large

when all invariants are large. Other effects such as radiative tails resulting from real photon

emission can also be sizeable. This occurs for example for the distribution in the invariant

mass of the reconstructed top quarks where the EW corrections amount to 15%. In the

end, the inclusion of NLO EW corrections is mandatory in any precise analysis of Higgs

production in association with two top quarks.

As the aforementioned computation is particularly challenging, we have supplemented

it with two pole approximations. For the first approximation, two resonant top quarks

are demanded, while in the second one two WW gauge bosons are required. Beyond

checking the full computation, this also allows to investigate the impact of non-resonant

contributions. Our results for the comparison are consistent with previous observations for

the NLO EW corrections to the off-shell production of a top-antitop quark pair. When

demanding only two resonant top quarks, errors with respect to the full calculation can

reach 4% at LO. On the other hand, requiring two W bosons seems to constitute a solid

approximation. In all the distributions that we have computed, this approximation applied

at LO has never been deviating by more than 2% with respect to the full calculation. At

NLO, when using the double-pole approximation only for the subtracted virtual corrections,

the differences to the full calculation stay below 1% for two resonant top quarks or two

resonant W bosons. Nonetheless these conclusions only hold for the distributions that we

have checked and for the shown phase-space range. In general one should rely on the full

computation in order to ensure not to miss any off-shell or non-resonant effects.

In order to provide state-of-the-art predictions at NLO we have combined our NLO EW

computation with an already existing NLO QCD computation. In this way, both effects

are accounted for in a common and consistent set-up. Even if QCD effects are dominant,

EW corrections are still important and should be taken into account. The additive and

multiplicative combinations of the NLO corrections do not show large differences apart

from some particular phase-space regions. This difference can be taken as an estimate of

the missing higher-order contributions to mixed EW-QCD corrections.

The production of a Higgs boson in association with a pair of top quarks will probably

soon be measured at the LHC. Thus, realistic and precise predictions will become very

important. The present work will help the experimental collaborations to explore further

the properties of the Higgs boson and maybe discover the existence of new physics.
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