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Abstract
This note summarizes the state-of-the-art predictions for the cross sections ex-
pected for Higgs boson production at a HE LHC, including a full theoretical
uncertainty analysis. It also provides projections for the progress that may
be expected on the timescale of the HL-LHC and an assessment of the main
limiting factors to further reduction of the remaining theoretical uncertainties.
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1 Introduction
(Taken from the instructions to subgroups for now)

MASS: The 3 masses to be considered are: mh = 125.09 ± 0.5 GeV. All parameters should be
taken from YR4 [8], with exceptions noted where they are important. For now, the proposed setup are
LHC14 with 3 ab−1 and LHC27 with 15 ab−1. If you think it is useful to consider a broader range of
energy (e.g. 24-30 TeV) or luminosity, please feel free.

UNCERTAINTIES: It would be very useful to identify the limiting factors and main (theoretical)
systematics and the areas where there is likely to be some problem (both at HL and HE), as well as
areas where substantial progress is expected. For this, it would be very useful to identify and propose a
possible scenario with reduced theoretical uncertainty which could guess the level of precision we could
have by the time of the HL/HE LHC.

Cross-section predictions for the HE-LHC, and their associated theoretical uncertainties, are dis-
cussed and shown in Section 2. Projections of progress towards a reduction in these uncertainties, on the
timescale of the HL-LHC, are discussed in Section 3.

2 Cross sections for the HE-LHC
Herein the cross-section predictions for a HE LHC.

2.1 Gluon fusion
In this note we document cross section predictions for a standard model Higgs boson in the gluon fusion
production mode at the LHC. To derive predictions we include contributions based on perturbative com-
putations of scattering cross sections as studied in ref. [17]. This corresponds to the setup that was used
for YR4 [8]. We include perturbative QCD corrections through N3LO, electro-weak and approximated
mixed QCD-electro-weak corrections as well as effects of finite quark masses. To derive theoretical
uncertainties we follow the prescriptions outlined in ref. [17]. As an input we use the following:

ECM 27TeV
mt(mt) 162.7GeV
mb(mb) 4.18GeV

mc(3 GeV) 0.986GeV
αS(mZ) 0.118

PDF PDF4LHC15_nnlo_100 [18]
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All quark masses are treated in the MS scheme. To derive numerical predictions we use the program
iHixs [19]. We vary the exact value of the Higgs boson mass according to the table in sections 2.1.2
and 2.1.3.

Sources of uncertainty for the inclusive Higgs boson cross section have been assessed recently in
refs. [8, 17, 20, 22]. Several sources of theoretical uncertainties were identified.
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Fig. 1: Contributions to the total relative uncertainty as a function of the collider energy.

– Missing higher order effects of QCD corrections beyond N3LO (δ(scale)).
– Missing higher order effects of electro-weak and mixed QCD-electro-weak corrections at and

beyond O(αSα) (δ(EW)).
– Effects due to finite quark masses neglected in QCD corrections beyond NLO (δ((t,b,c)) and
δ(1/mt)).

– Miss-match in the perturbative order of parton distribution functions (NNLO) and perturbative
QCD cross sections (N3LO) (δ(PDF-TH)).

In the table below the linear sum of the effect of those uncertainties is referred to as δ(theory). In addition
the imprecise knowledge of the parton distribution functions and the strong coupling constant play a
dominant role. The individual size of these contributions can be seen in fig. 1 as a function of the collider
energy [19]. As can be easily inferred the relative importance of the different sources of uncertainty
is impacted only mildly by changing the centre of mass energy from 13 TeV to 27 TeV. Improving
substantially on any of the current sources of uncertainty represents a major theoretical challenge that
should be met in accordance with our ability to utilise said precision and with experimental capabilities.
Inclusive cross sections for mh = 125.09 GeV are specifically given by

2.1.0.1 Impact of threshold and high-energy corrections1

Recently, ref. [21] has performed a study of the effects of simultaneous threshold and high-energy (small
Bjorken x) resummations on the inclusive Higgs cross section. In this brief section we summarise the
main conclusions, while the numerical results will be discussed in the following section. For more details
we refer the reader to ref. [21]:

1Authors: B. Mistlberger, P. F. Monni
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ECM σ δ(theory) δ(PDF) δ(αs)

13 TeV 48.61 pb +2.08pb
−3.15pb

(
+4.27%
−6.49%

)
± 0.89 pb (± 1.85%)

+1.24pb
−1.26pb

(
+2.59%
−2.62%

)
14 TeV 54.72 pb +2.35pb

−3.54pb

(
+4.28%
−6.46%

)
± 1.00 pb (± 1.85%)

+1.40pb
−1.41pb

(
+2.60%
−2.62%

)
27 TeV 146.65 pb +6.65pb

−9.44pb

(
+4.53%
−6.43%

)
± 2.81 pb (± 1.95%)

+3.88pb
−3.82pb

(
+2.69%
−2.64%

)
Table 1: Cross sections and uncertainties as function of the collider energy.

1. At different collider energies, it was found that the impact of threshold resummation amounts to
about +1% on top of the N3LO cross section [22]. The size of this effect is compatible with other
estimates of the size of missing higher order corrections.

2. Conversely, the inclusion of small-x resummation was found to increase the cross section by about
a percent at 13 TeV, and by about 3% − 4% at 27 TeV, with respect to the N3LO prediction.
The correction grows even larger at higher collider energies, reaching about +10% for a 100 TeV
machine. The inclusion of high-energy resummation affects differently the perturbative coefficient
functions and the parton densities.

– The effect on the coefficient functions is very moderate, and remains below the 1% level for
different collider energies. This indicates that the production of a Higgs boson at present
and future colliders does not probe very small values of the momentum fraction at which the
coefficient functions are evaluated. In turn, this implies that currently and at future colliders
PDFs are probed at intermediate values of x.

– The parton densities receive a large correction from small-x resummation. Its effect is
twofold: on one hand, the evolution of the gluonic density is modified by the inclu-
sion of small-x effects, and at average values of x probed in Higgs production this leads
to a moderate effect on the parton densities at mH (cf. Fig. 2.2 of ref. [24]). On
the other hand, the parton densities used in the double-resummed prediction of ref. [21]
(NNPDF31sx_nnlonllx_as_0118 [24]) include small-x data from HERA, which ref. [24]
observes to require high-energy resummation for the fit to be robust. The fixed-order predic-
tion of ref. [21] instead uses a PDF set which fits the small-x HERA data without including
high-energy resummation (NNPDF31sx_nnlo_as_0118 [24]). This results in sizeable differ-
ences in the parton distribution functions and drives the large correction to the N3LO total
cross section observed in ref. [21].

Summarising, the sizeable corrections to the N3LO prediction due to high-energy resummation observed
in ref. [21] are, to a large extent, due to the need for high-energy resummation in the PDF fit which
are necessary to get a reliable description of small-x HERA data. Performing a fit without high energy
resummation results in considerable tension with respect to low Q2 HERA data. In order to corroborate
these findings, and assess precisely the effect of high-energy resummation on parton distribution fits, it is
important to make progresses in the theoretical knowledge of small-x dynamics. Furhtermore, it would
be desirable to include additional small-x collider data in the fits of parton distributions. We would like
to encourage the PDF and theory community to further investigate these effects in view of future high
energy colliders.
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√
s σN3LO+N3LL+LLx = σt + ∆σbc + ∆σEW δ42var

scale δPDFs δsubl.logs
σN3LO+N3LL+LLx

σN3LO

13 TeV 48.93 pb (49.26− 2.66 + 2.33) pb +4.0
−3.8% ±1.2% ±1.8% 1.020

14 TeV 55.22 pb (55.56− 2.96 + 2.63) pb +4.0
−3.8% ±1.1% ±1.9% 1.023

27 TeV 151.6 pb (151.6− 7.2 + 7.2) pb +4.0
−4.0% ±1.0% ±2.3% 1.046

Table 2: Values of the N3LO and N3LO+N3LL+LLx GF cross section for selected values of the collider energy
and Higgs mass mH = 125 GeV. We use the NNPDF31sx PDFs with αs(m

2
Z) = 0.118, mt = 173 GeV, mb =

4.92 GeV and mc = 1.51 GeV.

2.1.1 Predictions for double-resummed cross section2

The setup is the same of the YR4 (mH = 125 GeV, mt = 172.5 GeV, mb = 4.92 GeV, mc = 1.51 GeV,
αs(m

2
Z) = 0.118, µF = µR = mH/2), with the only difference being that we do not use PDF4LHC

but the NNPDF31sx_nnlonllx_as_0118 set of Ref. [24]. Since these resummed PDFs are available for
a single value of αs, we could not compute the αs uncertainty in our result. The results are collected in
Tab. 2.

For each value of the collider energy, we give the full N3LO+N3LL+LLx cross section which
includes top, bottom and charm contributions (as discussed in ref. [23]) and EW corrections included
in the complete factorization approach, i.e. as a +5% contribution. The breakdown of the individual
terms contributing to the cross section (the main contribution assuming only top runs in the loop, the
bottom+charm correction, and the EW correction) is presented in the third column. In the next columns,
we present various sources of uncertainties, following [21]:

– Missing higher order uncertainty (scale uncertainty) δ42var
scale . It is the envelope of standard 7-point

scale variations for each of the subleading variations of threshold resummed contributions, result-
ing in a total of 42 variation.

– PDF uncertainty δPDFs. This is the standard NNPDF MonteCarlo replica uncertainty, but it does
not contain αs uncertainty, as previously discussed.

– Subleading small-x logarithms uncertainty δsubl.logs. This uncertainty is computed as described in
Refs. [21, 23], and it likely overestimates the effect of subleading contributions in the coefficient
functions. However, as argued in Refs. [21, 23], this uncertainty can be considered as an estimate
of the uncertainty from subleading contributions in the PDFs. In this respect, this provides an
alternative to the uncertainty from missing higher order PDFs adopted in YR4, which should thus
not be included.

Additional uncertainties from missing 1/m2
t effects, missing bottom+charm effects and subleading EW

effects should be included according to the YR4 prescription. Since the N3LO heavy-top result is
matched to the exact small-x according to the construction of Ref. [23], the “truncation of the soft
expansion” uncertainty discussed in YR4 should not be considered.

Finally, in the last column of the table we present the ratio of our resummed result with a
purely fixed-order N3LO cross section obtained with the same setting but using the NNLO PDFs
NNPDF31sx_nnlo_as_0118 of Ref. [24]. This is useful to understand how large the effect of resum-
mation(s) in our prediction is. We see in particular that the effect (of small-x resummation) grows with
the collider energy, reaching 4.6% at HE-LHC. For any of the scales, approximately +1% of the effect of
resummations is due to threshold resummation (in the coefficient functions), while the rest of the effect
is due to small-x resummation, which mostly comes from the PDFs (see Ref. [21]) as discussed in the
previous subsection.

2Authors: M. Bonvini, S. Marzani
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2.1.2 Cross Section at 14 TeV
mh [GeV] Cross Section [pb] + δTheory [%] - δTheory [%] ±δ(PDF+αS) [%] ±δαS [%] ±δ PDF [%]

125.09 54.72 4.29 −6.46 3.20 2.61 1.85

124.59 55.10 4.29 −6.48 3.20 2.61 1.86

125.59 54.34 4.28 −6.45 3.20 2.61 1.85

120.00 58.85 4.37 −6.61 3.23 2.63 1.87

120.50 58.42 4.37 −6.60 3.22 2.63 1.87

121.00 58.00 4.36 −6.58 3.22 2.63 1.87

121.50 57.56 4.35 −6.57 3.22 2.62 1.86

122.00 57.15 4.34 −6.55 3.22 2.62 1.86

122.50 56.75 4.33 −6.54 3.21 2.62 1.86

123.00 56.35 4.32 −6.52 3.21 2.62 1.86

123.50 55.95 4.31 −6.51 3.21 2.61 1.86

124.00 55.56 4.30 −6.49 3.21 2.61 1.86

124.10 55.48 4.30 −6.49 3.20 2.61 1.86

124.20 55.41 4.30 −6.49 3.20 2.61 1.86

124.30 55.33 4.30 −6.49 3.20 2.61 1.86

124.40 55.25 4.30 −6.48 3.20 2.61 1.86

124.50 55.17 4.30 −6.48 3.20 2.61 1.86

124.60 55.10 4.29 −6.48 3.20 2.61 1.86

124.70 55.02 4.29 −6.47 3.20 2.61 1.86

124.80 54.94 4.29 −6.47 3.20 2.61 1.86

124.90 54.86 4.29 −6.47 3.20 2.61 1.86

125.00 54.79 4.29 −6.47 3.20 2.61 1.86

125.10 54.71 4.29 −6.46 3.20 2.61 1.85

125.20 54.64 4.28 −6.46 3.20 2.61 1.85

125.30 54.56 4.28 −6.46 3.20 2.61 1.85

125.40 54.48 4.28 −6.45 3.20 2.61 1.85

125.50 54.41 4.28 −6.45 3.20 2.61 1.85

125.60 54.33 4.28 −6.45 3.20 2.61 1.85

125.70 54.26 4.28 −6.44 3.20 2.61 1.85

125.80 54.18 4.27 −6.44 3.20 2.60 1.85

125.90 54.11 4.27 −6.44 3.20 2.60 1.85

126.00 54.03 4.27 −6.44 3.20 2.60 1.85

126.50 53.66 4.26 −6.42 3.19 2.60 1.85

127.00 53.29 4.25 −6.41 3.19 2.60 1.85

127.50 52.92 4.25 −6.40 3.19 2.60 1.85

128.00 52.56 4.24 −6.38 3.19 2.60 1.85

128.50 52.20 4.23 −6.37 3.18 2.59 1.85

129.00 51.85 4.22 −6.35 3.18 2.59 1.85

129.50 51.50 4.21 −6.34 3.18 2.59 1.84

130.00 51.15 4.20 −6.33 3.18 2.59 1.84
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2.1.3 Cross Section at 27 TeV
mh [GeV] Cross Section [pb] + δTheory [%] - δTheory [%] ±δ(PDF+αS) [%] ±δαS [%] ±δ PDF [%]

125.09 146.65 4.53 −6.43 3.30 2.66 1.95

124.59 147.55 4.55 −6.45 3.30 2.67 1.95

125.59 145.75 4.52 −6.42 3.30 2.66 1.95

120.00 156.35 4.64 −6.60 3.33 2.69 1.97

120.50 155.36 4.63 −6.58 3.33 2.69 1.97

121.00 154.36 4.62 −6.56 3.33 2.69 1.97

121.50 153.38 4.61 −6.55 3.32 2.68 1.96

122.00 152.41 4.60 −6.54 3.32 2.68 1.96

122.50 151.45 4.59 −6.52 3.32 2.68 1.96

123.00 150.50 4.58 −6.50 3.31 2.68 1.96

123.50 149.56 4.57 −6.49 3.31 2.67 1.96

124.00 148.64 4.56 −6.47 3.31 2.67 1.95

124.10 148.45 4.56 −6.47 3.31 2.67 1.95

124.20 148.27 4.56 −6.46 3.31 2.67 1.95

124.30 148.08 4.55 −6.46 3.31 2.67 1.95

124.40 147.90 4.55 −6.46 3.31 2.67 1.95

124.50 147.72 4.55 −6.46 3.31 2.67 1.95

124.60 147.53 4.55 −6.45 3.30 2.67 1.95

124.70 147.35 4.54 −6.45 3.30 2.67 1.95

124.80 147.17 4.54 −6.44 3.30 2.67 1.95

124.90 146.99 4.54 −6.44 3.30 2.67 1.95

125.00 146.81 4.54 −6.44 3.30 2.67 1.95

125.10 146.63 4.53 −6.43 3.30 2.66 1.95

125.20 146.45 4.53 −6.43 3.30 2.66 1.95

125.30 146.27 4.53 −6.43 3.30 2.66 1.95

125.40 146.09 4.53 −6.42 3.30 2.66 1.95

125.50 145.91 4.52 −6.42 3.30 2.66 1.95

125.60 145.73 4.52 −6.42 3.30 2.66 1.95

125.70 145.55 4.52 −6.41 3.30 2.66 1.95

125.80 145.37 4.52 −6.41 3.30 2.66 1.95

125.90 145.20 4.52 −6.41 3.30 2.66 1.95

126.00 145.02 4.51 −6.40 3.30 2.66 1.95

126.50 144.14 4.50 −6.39 3.29 2.66 1.94

127.00 143.26 4.49 −6.37 3.29 2.66 1.94

127.50 142.40 4.48 −6.36 3.29 2.65 1.94

128.00 141.54 4.48 −6.34 3.28 2.65 1.94

128.50 140.69 4.47 −6.33 3.28 2.65 1.94

129.00 139.84 4.46 −6.31 3.28 2.65 1.93

129.50 139.00 4.46 −6.30 3.27 2.64 1.93

130.00 138.18 4.45 −6.29 3.27 2.64 1.93

2.2 Vector boson fusion
The VBF cross sections as computed in the YR4 are reported in Tab. 3. The setup can be found in the
YR4 itself. For the 13/14/27 TeV cross sections the EW and photon cross sections have been computed
using LUXqed_plus_PDF4LHC_nnlo_100 and hence the 13/14 TeV cross sections differ slightly from
those reported in the YR4 where NNPDF23_nlo_as_0118_qed was used. The QCD cross section was
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√
s[TeV] σVBF[fb] ∆scale[%] ∆PDF⊕αs[%] σDIS

NNLO QCD[fb] δELWK[%] σγ[fb] σs-channel[fb]
7 1241 +0.19

−0.21 ±2.2 1281 −4.4 17.1 585

8 1601 +0.25
−0.24 ±2.2 1655 −4.6 22.1 710

13 3766 +0.43
−0.33 ±2.1 3939 −5.3 35.3 1412

14 4260 +0.45
−0.34 ±2.1 4460 −5.4 40.7 1555

27 11838 +0.66
−0.36 ±2.1 12483 −6.2 129 3495

Table 3: VBF cross-sections at LHC operating energies up to 27 TeV.

√
s[TeV] σNNLO QCD⊗NLO EW[pb] ∆scale[%] ∆PDF⊕αs[%]
13 1.358 +0.51

−0.51 1.35

14 1.498 +0.51
−0.51 1.35

27 3.397 +0.29
−0.72 1.37

Table 4: Cross-section for the process pp→WH . BothW+ andW− contributions included. Photon contribution
not included. Results for mH = 125.09 GeV.

√
s[TeV] σNNLO QCD⊗NLO EW[pb] ∆scale[%] ∆PDF⊕αs[%]
13 0.831 +0.74

−0.73 1.79

14 0.913 +0.64
−0.76 1.78

27 1.995 +0.43
−1.04 1.84

Table 5: Cross-section for the process pp → W+H . Photon contribution not included. Results for mH =

125.09 GeV.

√
s[TeV] σNNLO QCD⊗NLO EW[pb] ∆scale[%] ∆PDF⊕αs[%]
13 0.527 +0.59

−0.63 2.03

14 0.585 +0.55
−0.68 1.98

27 1.402 +0.36
−0.93 2.03

Table 6: Cross-section for the process pp → W−H . Photon contribution not included. Results for mH =

125.09 GeV.

√
s[TeV] σNNLO QCD⊗NLO EW[pb] ∆scale[%] ∆PDF⊕αs[%] σγ
13 0.094 +0.71

−0.70 1.72 4.1 10−3

14 0.104 +0.61
−0.73 1.70 4.7 10−3

27 0.232 +0.40
−0.97 1.72 1.5 10−2

Table 7: Cross-section for the process pp→ l+νH . Photon contribution included, and also reported separately in
the last column. Results for mH = 125.09 GeV.

computed at NNLO with proVBFH and the EW/photon contributions have been computed at NLO with
HAWK.

2.3 VH production
In Tab. 4,5,6,7,8, 9,10,11,12,13 we report the inclusive cross sections for associated Higgs production,
for pp collisions at 13, 14 and 27 TeV, for 3 different values of the Higgs mass. The results have
been obtained combining NNLO QCD and NLO EW corrections [1–7], by means of a multiplicative
scheme, as described in the YR4 studies (eq I.5.15 and I.5.16) [8]. For ZH production, the loop-induced
gg → HZ channel has been added linearly.

The contribution from photon-induced channels has been removed from the total cross sections
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√
s[TeV] σNNLO QCD⊗NLO EW[pb] ∆scale[%] ∆PDF⊕αs[%] σγ
13 0.0598 +0.57

−0.60 1.94 2.6 10−3

14 0.0666 +0.52
−0.64 1.89 3.1 10−3

27 0.1628 +0.34
−0.87 1.90 1.1 10−2

Table 8: Cross-section for the process pp→ l−ν̄H . Photon contribution included, and also reported separately in
the last column. Results for mH = 125.09 GeV.

√
s[TeV] σNNLO QCD⊗NLO EW[pb] ∆scale[%] ∆PDF⊕αs[%]
13 0.880 +3.50

−2.68 1.65

14 0.981 +3.61
−2.94 1.90

27 2.463 +5.42
−4.00 2.24

Table 9: Cross-section for the process pp→ ZH . Predictions for gg → ZH channel computed at LO, rescaled by
the NLO K-factor in the mt →∞ limit and supplemented by NLLsoft resummation. Photon contribution omitted.
Results for mH = 125.09 GeV.

√
s[TeV] σNNLO QCD⊗NLO EW[pb] ∆scale[%] ∆PDF⊕αs[%]
13 0.758 +0.49

−0.61 1.78

14 0.836 +0.51
−0.62 1.82

27 1.937 +0.56
−0.74 2.37

Table 10: Cross-section for the process pp → ZH . Photon contribution and gg → ZH omitted. Results for
mH = 125.09 GeV.

√
s[TeV] σNNLO QCD⊗NLO EW[pb] ∆scale[%] ∆PDF⊕αs[%]
13 0.123 +24.9

−18.8 4.37

14 0.145 +24.3
−19.6 7.47

27 0.526 +25.3
−18.5 5.85

Table 11: Cross-section for the process gg → ZH . Predictions computed at LO, rescaled by the NLO K-factor
in the mt →∞ limit and supplemented by NLLsoft resummation. Results for mH = 125.09 GeV.

√
s[TeV] σNNLO QCD⊗NLO EW[pb] ∆scale[%] ∆PDF⊕αs[%] σγ
13 2.97 10−2 +3.49

−2.67 1.64 1.4 10−4

14 3.31 10−2 +3.59
−2.92 1.89 1.6 10−4

27 8.32 10−2 +5.39
−3.97 1.85 5.4 10−4

Table 12: Cross-section for the process pp → ll̄H . Photon contribution included, and reported separately in the
last colum. Results for mH = 125.09 GeV.

√
s[TeV] σNNLO QCD⊗NLO EW[pb] ∆scale[%] ∆PDF⊕αs[%]
13 0.177 +3.50

−2.68 1.65

14 0.197 +3.59
−2.92 1.89

27 0.496 +5.41
−3.99 2.24

Table 13: Cross-section for the process pp→ νν̄H . Results for mH = 125.09 GeV.
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MH[GeV] σNLO
QCD+EW[fb] Scale[%] αs[%] PDF[%] PDF+αs[%]

124.59 619.3 +6.1
−9.2 1.9 2.9 3.5

125.09 612.8 +6.0
−9.2 1.9 2.9 3.5

125.59 605.6 +6.1
−9.2 1.9 2.9 3.5

Table 14: NLO QCD+EW cross sections for tt̄H production at the 14 TeV LHC.

MH[GeV] σNLO
QCD+EW[pb] Scale[%] αs[%] PDF[%] PDF+αs[%]

124.59 2.90 +7.9
−9.0 1.8 2.1 2.8

125.09 2.86 +7.8
−9.0 1.8 2.1 2.8

125.59 2.84 +7.9
−9.0 1.8 2.1 2.8

Table 15: NLO QCD+EW cross sections for tt̄H production at a 27 TeV proton collider.

where the decay is not specified, but their cross sections is instead included in the total result for the
dedicated cross-sections where decay products are specified. In the latter cases, the individual photon-
induced cross section is also separately reported.

The results at 27 and 14 TeV show a similar pattern of good perturbative convergence. There are
two points that deserve some specific comment:

1. We notice that the relative weight of the photon-induced channel is now computed more reliably
than in the results obtained for the YR4 study, due to the fact that the photon PDF is now con-
strained much better, thanks to the LUXqed approach [9, 10]. We refer the reader to paragraph
I.5.2.c of the YR4 for details on how this channel was treated previously. For the numbers in the
new tables, the cross section for σγ was computed using the LUXqed_plus_PDF4LHC15_nnlo
PDF set. For completeness, we also included an update for the 13 TeV cross sections using this
PDF set.

2. As far as the loop-induced gg → HZ process is concerned, we remind that this channel starts
contributing only at NNLO in the pp → ZH cross section. Nevertheless, due to the gluonic
luminosity, its relative size is important, especially at large center-of-mass energies. Due to the
fact that it is a loop-induced channel, this contribution is known, exactly (i.e. retaining finite values
for the top mass), only at LO. However, because of its numerical size, and due to the fact that it
contributes to the total cross section with a leading-order-like scale uncertainty, it is important to
compute it at higher order. Exact NLO corrections to gg → HZ are not yet available. The numbers
in the tables are obtained using a Born-improved HEFT approach, which essentially consists in
computing the process at LO exactly, and rescaling it with the NLO/LO K-factor obtained in the
mt → ∞ limit. NLL threshold effects have also been included.At order α3

S there are however
many other glue-glue initiated subprocesses and we don’t really know what to expect for the total.
It is reasonable to expect that for VH the correction to the loop induced process will be the first
at order α3

S to be evaluated in the near future, so that this contribution can provide an order of
magnitude estimate of the remaining perturbative uncertainty coming from the missing higher
orders.

2.4 tt̄H and th

Cross sections are computed in the same setup of YR4. Results for tt̄H are shown in Tab. 14,15 and for
tH in Tab. 16,17.

2.5 Offshell
To be written.
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MH[GeV] σtH+t̄H[fb] Scale+FS[%] αs[%] PDF[%] PDF+αs[%] σtH[fb] σt̄H[fb]
124.59 90.35 +6.4

−14.6 1.2 3.4 3.6 59.15 31.21

125.09 90.12 +6.4
−14.7 1.2 3.4 3.6 58.96 31.11

125.59 89.72 +6.4
−14.8 1.2 3.4 3.6 58.70 31.02

Table 16: NLO QCD cross sections for the t−channel tH and t̄H production at the 14 TeV LHC.

MH[GeV] σtH+t̄H[fb] Scale+FS[%] αs[%] PDF[%] PDF+αs[%] σtH[fb] σt̄H[fb]
124.59 419.0 +5.0

−12.3 1.3 2.6 2.9 263.3 155.7

125.09 417.9 +5.0
−12.5 1.3 2.6 2.9 262.8 155.1

125.59 416.4 +5.0
−12.6 1.3 2.6 2.9 261.8 154.7

Table 17: NLO QCD cross sections for the t−channel tH and t̄H production at a 27 TeV proton collider.

3 Projections of uncertainty reductions for the HL-LHC
Discussion of theoterical improvements on the HL-LHC timescale and associated reduction in uncertain-
ties. Limiting factors should also be discussed.

3.1 Gluon fusion
To be written.

3.2 Vector boson fusion
VBF Higgs production is currently know at a very high theoretical accuracy. In the VBF approximation
the cross section has been computed fully inclusively at N3LO-QCD. Fiducial calculations in the same
approximation exist at NNLO-QCD. The only contribution which is currently unknown is the contribu-
tion from two-loop diagrams with gluon exchange between the two VBF quark lines. The conceptual
difficulty is that it is a 2 → 3 process and that currently there are no methods available for evaluating
two-loop diagrams with more than four external legs. It is realistic that such methods will become avail-
able before the HE-LHC is in operation. Outside of the VBF approximation the full NLO corrections in
both the strong and electroweak coupling have been computed. The electroweak contributions are of the
same order as, or in certain phase space regions even larger than, the NNLO-QCD corrections. Taking
all of this into account it has been estimated that the VBF cross section under typical VBF cuts has an
accuracy at the 1measurements one would ideally need merged 2- and 3-jet samples at the NLOPS level
or even better a full NNLOPS generator for VBF. It is realistic that this will become available within the
next few years and certainly before the HL-/HE-LHC phases.

3.3 VH production
At the time of writing, the numbers shown in Section 2.3 are the best estimates available for the gg →
HZ contribution. Due to the progress made in the last couple of years for the computation of top-mass
effects at NLO in Higgs-pair production, it is foreseable that, in the forthcoming years (definitely in the
timescale of HL/HE LHC), an exact NLO result (including finite-mt effects) will be available also for
gg → HZ. If one assumes that a pattern similar to what was found for di-higgs production ( [11]) also
holds for gg → HZ, one can expect that the total NLO/LO K-factor will be slightly smaller than in the
HEFT limit (from 1.9–2.0 to ∼1.6) and the final scale uncertainty for the gg → HZ cross section will
go from 18–25% to about 15%.

The above results have been obtained for a stable Higgs boson. For the Higgs decay to bottom
quarks, it is known that higher-order corrections to the mbb lineshape are relevant, as shown in recent
[12] and also recently confirmed in [13]. Although explicit studies are not available, one can expect
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that effects similar to those observed at 13–14 TeV in the region mbb < mH will persist also at higher
energies.

The matching of fixed-order correction to parton showers is available for the pp → V H signal
processes, at NLO as well as at NNLO [14]. For the signal itself, the uncertainty due to PS effects is not
a major issue,YR as it amounts to about 2–3% level for a stable Higgs.

As for Higgs decays to bottom quarks, a fixed order study [13] suggest that higher-order correc-
tions to the mbb shape are not always very well modelled by a LO + parton shower treatment of the
H → bb̄ decay. Event generators as the one developed in [14], and improvements thereof for the treat-
ment of radiation off b-quarks (e.g. [15]), will allow to asses this issue in the forthcoming years. A
solid prediction of the H → bb̄ decay, also matched to parton-showers, can definitely be expected in the
timescale of HL/HE LHC.

Furthermore, when the exact gg → HZ computation at NLO will be computed, a NLO matching
to parton-shower will be straightforward to achieve, thereby improving on the currently available more
advanced treatments, where a LO-merging of the exact matrix elements for gg → HZ and gg → HZ+1-
jet is performed.

Finally, as for the VH and VHJ event generators, recently there has been also the completion of
the NLO EW corrections matched to the parton shower [16] showing once again the relevance of the EW
corrections for the distributions for both the fixed order and the matched predictions.

3.4 tt̄H and th

The cross sections for tt̄H and tH production are known at NLO QCD and, in the case of tt̄H , NLO EW
corrections have also been calculated. The corresponding theoretical uncertainty is of the order of 10–
15% and is mainly induced by the residual scale dependence and, to a lesser extent, by PDF uncertainties.
A drastic improvement can only come from the calculation of the NNLO QCD corrections. Given the
ongoing rapid progress in NNLO calculation, it is foreseeable that NNLO QCD corrections to tt̄H and
tH will become available in the next decade. In this scenario it is reasonable to expect a factor-two
improvement of the theoretical accuracy.

On the other hand, the extraction of the tt̄H signal is at the moment mainly limited by the the-
oretical uncertainties in the modelling of the background, mainly tt̄bb̄ and tt̄W+jets, via Monte Carlo
generators. The reliable assessment of the related uncertainties and their further reduction are the main
goals of an ongoing campaign of theoretical studies within the HXSWG. On a time scale of 5–10 years
such background uncertainties may be reduced by a factor two to three.

3.5 Offshell
To be written.
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