
Status of gluon-fusion 
Higgs Production 

Elisabetta Furlan                             
ETH Zürich 
 

	
	

	
 
Dear participant, 
 
You will attend the Higgs Hunting conference that will be held from July 29 to July 31st, 2019. 
Please find hereafter a reminder of the practical information : 
 
MEETING : 
 
The registration desk will open : 
on July 29 at 9 a.m, 1.30 p.m. (after lunch), 3.45 p.m. (coffee break) 
on July 30 at 8.30 a.m., 11.20 a.m.(coffee break), 2.35 p.m. (after lunch) 
 
Please take into account the above schedule to collect your badge or for any issue. 
Be sure to wear your badge as this identifies you as a participant in the conference. 
 
Cash or credit card payments are not accepted upon your arrival. It has to be done online before your 
arrival. 
 
The meeting rooms (Auditorium P.Lehmann and Salle Bleue) will be in building 200 and 
available on Monday 29th. The Auditorium being the main conference room. 
Please note that all the coffee breaks will take place at the "Cafeteria", next to the welcome desk 
and the Auditorium. 
You will be able to use your PC and connect to the WIFI. 
 
The conference will be held in Paris (LPNHE Jussieu – Amphitheatre Charpak) from 30 to 31 
July 2019. 
 
Speakers and chairs who have to upload transparencies need to get a LAL indico account  
(  https://indico.lal.in2p3.fr/event/5201/ ) 
 
LUNCHES : 
 
A buffet lunch will be proposed for the three days in Paris. 
 
WELCOME DRINK & BUFFETS : 
 
You are cordially invited to the welcome drink (Orsay) on Monday, July 29 at 7.00 p.m., after 
the working day, and to the « Summer buffet dinner» in Paris on Tuesday, July 30 at 7.15 
p.m. (Tour Zamansky – on the 24th floor, for a unique panoramic view of Paris). 
 
We are pleased to welcome you in Orsay and we wish you a very good stay. 
 
We hope that your participation in the conference will be an opportunity to share outstanding 
information. 
 
The local Organizing Committee 
	



• LHC so far collected about 150 fb-1 of data /only 
5% of the full expected dataset (3 ab-1)! 

➡ great opportunities for 
‣ precision measures of the Higgs couplings  

(O(few %)) /crucial to test the Higgs 
mechanism 
‣ detection of New Physics via rare decays 
‣ exploration of the Higgs potential (through 

double Higgs production)  
‣ … 
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At 3000 fb�1 the systematic uncertainties generally dominate in both S1 and S2. In S2 the sig-
nal theory uncertainty is the largest, or joint-largest, component for all parameters except µµµ,
which remains limited by statistics due to the small H ! µµ branching fraction. The µµµ uncer-
tainty at 3000 fb�1 using the Run 2 dimuon mass resolution instead of the Phase-2 expectation
is 14%.

Figures 18 and 19 in Appendix A give the evolution of the uncertainty components for each
parameter in S1 and S2. This shows that for many parameters the experimental component
reduces continuously with integrated luminosity. This is due to the expected data providing
a stronger constraint on some of the systematic uncertainties than that which comes from the
external measurements.
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Figure 1: Summary plot showing the total expected ±1s uncertainties in S1 (with Run 2 sys-
tematic uncertainties [30]) and S2 (with YR18 systematic uncertainties) on the per-decay-mode
signal strength parameters for 300 fb�1 (left) and 3000 fb�1 (right). The statistical-only compo-
nent of the uncertainty is also shown.

Another important aspect of the projected measurements is how the correlations between the
measured parameters are expected to evolve. Correlations arise when analysis channels are
sensitive to more than one production or decay mode and the chosen fit observables do not
fully distinguish between these. In addition, correlations may arise when the same systematic
uncertainties apply to multiple production or decay modes. Figure 2 shows the correlation
coefficients between the signal strength parameters in S2 for 300 fb�1 and 3000 fb�1. At 300 fb�1

the correlations are small, at most +0.2, since the statistical uncertainties are relatively large and
each decay channel is measured in dedicated analyses with low contamination from other final
states. At 3000 fb�1 the correlations increase up to +0.44, and is largest between modes where
the sensitivity is dominated by gluon-fusion production. This reflects the impact of the theory
uncertainties affecting the SM prediction of the gluon-fusion production rate.

3.1.2 Signal strength per-production mode

The expected ±1s uncertainties on the per-production-mode signal strength parameters in S1
and S2 for 300 fb�1 and 3000 fb�1 are summarised in Fig. 3 with numerical values given in

Prod. mode Analysis �tot/�SM �stat/�SM �exp/�SM �sig/�SM �bkg/�SM �µsig

ggF

Run 2, 80 fb�1 +0.160
�0.152

+0.143
�0.136

+0.053
�0.052

+0.043
�0.036

+0.011
�0.014

+0.070
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HL-LHC S1 +0.056
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+0.020
�0.020
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�0.056

HL-LHC S2 +0.043
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+0.020
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+0.035
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+0.016
�0.015

+0.006
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+0.030
�0.028

VBF

Run 2, 80 fb�1 +0.782
�0.598

+0.753
�0.583

+0.157
�0.095

+0.136
�0.074

+0.014
�0.029

+0.161
�0.101

HL-LHC S1 +0.147
�0.135

+0.097
�0.094

+0.059
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+0.088
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+0.007
�0.008

+0.087
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HL-LHC S2 +0.125
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+0.097
�0.094
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+0.053
�0.050

V H

Run 2, 80 fb�1 +1.410
�0.959

+1.381
�0.946

+0.155
�0.075

+0.228
�0.137

+0.012
�0.008

+0.283
�0.144

HL-LHC S1 +0.200
�0.185

+0.176
�0.167

+0.051
�0.042

+0.082
�0.070

+0.002
�0.001

+0.124
�0.084

HL-LHC S2 +0.190
�0.178

+0.176
�0.167

+0.043
�0.033

+0.064
�0.056

<0.001
<0.001

+0.077
�0.062

tt̄H

Run 2, 80 fb�1 < 5.75 -

HL-LHC S1 +0.246
�0.213

+0.217
�0.195

+0.056
�0.042

+0.100
�0.074

+0.020
�0.026

+0.156
�0.095

HL-LHC S2 +0.226
�0.202

+0.217
�0.195

+0.042
�0.032

+0.047
�0.037

+0.010
�0.015

+0.074
�0.051

Table 2: Expected precision of the production-mode cross-section measurements in the H ! Z Z⇤ channel with
80 fb�1 of Run 2 data and at HL-LHC. Uncertainties are reported relative to the SM cross section at the corresponding
center-of-mass energy. Both scenarios S1 and S2 have been considered for the systematic uncertainties in the HL-
LHC extrapolation. The last column shows the theory uncertainty component when the measurement parameters
are production mode signal strengths instead of cross sections. The value for the tt̄H channel with Run 2 data
corresponds to the 95% CL limit.

10

Prod. mode Analysis �tot/�SM �stat/�SM �exp/�SM �sig/�SM �bkg/�SM �µsig

ggF

Run 2, 80 fb�1 +0.160
�0.152

+0.143
�0.136

+0.053
�0.052

+0.043
�0.036

+0.011
�0.014

+0.070
�0.052

HL-LHC S1 +0.056
�0.055

+0.020
�0.020

+0.042
�0.043

+0.026
�0.024

+0.007
�0.007

+0.062
�0.056

HL-LHC S2 +0.043
�0.043

+0.020
�0.020

+0.035
�0.035

+0.016
�0.015

+0.006
�0.006

+0.030
�0.028

VBF

Run 2, 80 fb�1 +0.782
�0.598

+0.753
�0.583

+0.157
�0.095

+0.136
�0.074

+0.014
�0.029

+0.161
�0.101

HL-LHC S1 +0.147
�0.135

+0.097
�0.094

+0.059
�0.054

+0.088
�0.078

+0.007
�0.008

+0.087
�0.072

HL-LHC S2 +0.125
�0.117

+0.097
�0.094

+0.057
�0.052

+0.051
�0.047

+0.007
�0.006

+0.053
�0.050

V H

Run 2, 80 fb�1 +1.410
�0.959

+1.381
�0.946

+0.155
�0.075

+0.228
�0.137

+0.012
�0.008

+0.283
�0.144

HL-LHC S1 +0.200
�0.185

+0.176
�0.167

+0.051
�0.042

+0.082
�0.070

+0.002
�0.001

+0.124
�0.084

HL-LHC S2 +0.190
�0.178

+0.176
�0.167

+0.043
�0.033

+0.064
�0.056

<0.001
<0.001

+0.077
�0.062

tt̄H

Run 2, 80 fb�1 < 5.75 -

HL-LHC S1 +0.246
�0.213

+0.217
�0.195

+0.056
�0.042

+0.100
�0.074

+0.020
�0.026

+0.156
�0.095

HL-LHC S2 +0.226
�0.202

+0.217
�0.195

+0.042
�0.032

+0.047
�0.037

+0.010
�0.015

+0.074
�0.051

Table 2: Expected precision of the production-mode cross-section measurements in the H ! Z Z⇤ channel with
80 fb�1 of Run 2 data and at HL-LHC. Uncertainties are reported relative to the SM cross section at the corresponding
center-of-mass energy. Both scenarios S1 and S2 have been considered for the systematic uncertainties in the HL-
LHC extrapolation. The last column shows the theory uncertainty component when the measurement parameters
are production mode signal strengths instead of cross sections. The value for the tt̄H channel with Run 2 data
corresponds to the 95% CL limit.
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At 3000 fb�1 the systematic uncertainties generally dominate in both S1 and S2. In S2 the sig-
nal theory uncertainty is the largest, or joint-largest, component for all parameters except µµµ,
which remains limited by statistics due to the small H ! µµ branching fraction. The µµµ uncer-
tainty at 3000 fb�1 using the Run 2 dimuon mass resolution instead of the Phase-2 expectation
is 14%.

Figures 18 and 19 in Appendix A give the evolution of the uncertainty components for each
parameter in S1 and S2. This shows that for many parameters the experimental component
reduces continuously with integrated luminosity. This is due to the expected data providing
a stronger constraint on some of the systematic uncertainties than that which comes from the
external measurements.
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Figure 1: Summary plot showing the total expected ±1s uncertainties in S1 (with Run 2 sys-
tematic uncertainties [30]) and S2 (with YR18 systematic uncertainties) on the per-decay-mode
signal strength parameters for 300 fb�1 (left) and 3000 fb�1 (right). The statistical-only compo-
nent of the uncertainty is also shown.

Another important aspect of the projected measurements is how the correlations between the
measured parameters are expected to evolve. Correlations arise when analysis channels are
sensitive to more than one production or decay mode and the chosen fit observables do not
fully distinguish between these. In addition, correlations may arise when the same systematic
uncertainties apply to multiple production or decay modes. Figure 2 shows the correlation
coefficients between the signal strength parameters in S2 for 300 fb�1 and 3000 fb�1. At 300 fb�1

the correlations are small, at most +0.2, since the statistical uncertainties are relatively large and
each decay channel is measured in dedicated analyses with low contamination from other final
states. At 3000 fb�1 the correlations increase up to +0.44, and is largest between modes where
the sensitivity is dominated by gluon-fusion production. This reflects the impact of the theory
uncertainties affecting the SM prediction of the gluon-fusion production rate.

3.1.2 Signal strength per-production mode

The expected ±1s uncertainties on the per-production-mode signal strength parameters in S1
and S2 for 300 fb�1 and 3000 fb�1 are summarised in Fig. 3 with numerical values given in
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Table 2: Expected precision of the production-mode cross-section measurements in the H ! Z Z⇤ channel with
80 fb�1 of Run 2 data and at HL-LHC. Uncertainties are reported relative to the SM cross section at the corresponding
center-of-mass energy. Both scenarios S1 and S2 have been considered for the systematic uncertainties in the HL-
LHC extrapolation. The last column shows the theory uncertainty component when the measurement parameters
are production mode signal strengths instead of cross sections. The value for the tt̄H channel with Run 2 data
corresponds to the 95% CL limit.
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Table 2: Expected precision of the production-mode cross-section measurements in the H ! Z Z⇤ channel with
80 fb�1 of Run 2 data and at HL-LHC. Uncertainties are reported relative to the SM cross section at the corresponding
center-of-mass energy. Both scenarios S1 and S2 have been considered for the systematic uncertainties in the HL-
LHC extrapolation. The last column shows the theory uncertainty component when the measurement parameters
are production mode signal strengths instead of cross sections. The value for the tt̄H channel with Run 2 data
corresponds to the 95% CL limit.
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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

a simple scaling of the cross sections and luminosities is applied, which is a fair assessment with the
current systematic uncertainties and assuming that the experimental performance and systematic uncer-
tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
for the theoretical and modelling systematic uncertainties on the signal and backgrounds. The first (S2)
is the foreseen baseline scenario at HL-LHC, and the second (S20) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
of these projections are reported in Table 40.

2.8 Higgs couplings precision overview in the Kappa-framework and the nonlinear EFT24

After the discovery of the Higgs boson at the LHC, the first exploration of the couplings of the new
particle at Run I and Run II has achieved an overall precision at the level of ten percent. One of the main
goals of Higgs studies at the HL-LHC or HE-LHC will be to push the sensitivity to deviations in the
Higgs couplings close to the percent level.

In this section we study the projected precision that would be possible at such high luminosity
and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs
couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-
ing/complementing the studies of the total rates with the information from differential distributions, or
getting access to the Higgs trilinear coupling, will be covered in other parts of this document.

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
24 Contacts: J. de Blas, O. Catà, O. Eberhardt, C. Krause
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… and where we can go
➡ It is vital to reduce significantly (by at least 50%) 

the theoretical uncertainty, or it will become the 
main limiting factor in the interpretation of an 
important part of the HL — LHC data



The theory error

decay channel branching ratio relative eror

2.27 x 10-3 +1.73%  
-1.72%

2.64 x 10-2 +0.99%  
-0.99%

2.15 x 10-1 +0.99%  
-0.99%

6.26 x 10-2 +1.17%  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• on the branching ratios: well under control

LHCHXSWG, for the CERN Yellow report 4

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGCrossSectionsCalc#Higgs_Production_Cross_Section_a


The theory error
• on the production mode 

ggH 48.5 +4.6% 
-6.7%

VBF 3.78 +0.4% 
-0.3%

WH 1.37 +0.5% 
-0.7%
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➡ gluon-fusion Higgs production is the main 

limiting factor!



The theory error
➡ gluon-fusion Higgs production is the main 

limiting factor!



Gluon-fusion Higgs production
• basic process (leading order in QCD)

Scattering amplitudes
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Gluon-fusion Higgs production
➡ currently known at N3LO in QCD 

‣ astonishing result, as it requires the evaluation 
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Gluon-fusion Higgs production

heavy-quark effective  
theory (HQET): mt ! 1
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Gluon-fusion Higgs production
➡ currently known at N3LO in QCD (in HQET) 
 

with 

➡ exact finite-mass effects of top, bottom and 
charm through NLO 
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Gluon-fusion Higgs production
➡ currently known at N3LO in QCD (in HQET) 
 

with 

➡ exact finite-mass effects of top, bottom and 
charm through NLO 

➡ 1/mt2 series corrections around the infinte-mass 
approximation at NNLO 

➡ two - loop electroweak corrections

Important electroweak corrections arise from two-loop diagrams containing an internal

quark loop where the Higgs boson couples to W - and Z-bosons. An example diagram is

shown in Fig. (1); we henceforth refer to these corrections as light-quark electroweak con-

tributions, while the quark Yukawa coupling dependent terms discussed above are denoted

as heavy-quark QCD contributions. The light-quark diagrams are not suppressed by quark

Yukawa couplings, and therefore have a multiplicity enhancement from summing over light

quarks. The inclusion of these contributions modifies the term proportional to G(0)
ij (z) in

Eq. (2.2). The partonic cross section becomes

σ̂ij = σ(0)
EW G(0)

ij (z) + σ(0)
∞

∑

n=1

(αs

π

)n
G(n)

ij (z) (2.7)

with

σ(0)
EW =

GF α2
s

512
√

2π

∣

∣

∣

∣

G2l
lf + Gt

∣

∣

∣

∣

2

. (2.8)

G2l
lf is the expression for the two-loop light-quark contributions; its analytic form in terms

of generalized harmonic polylogarithms can be found in Ref. [17]. A calculation of the

corrections with the light-quark loop replaced by a top-quark, or the top-bottom doublet

in the case of the W -boson, was first performed in Ref. [27]. A careful numerical study of

these electroweak corrections utilizing the complex-mass scheme to handle the threshold

regions MH ≈ 2MW,Z was performed recently in Ref. [19]; this study also includes effects

from internal top quarks coupling to the W and Z. The full corrections increase the

leading-order cross section by +5−6% for Higgs boson masses in the range 120−160GeV.

H

g

g

W, Z

Figure 1: Example two-loop light-quark diagram contributing to the Higgs boson production cross
section via gluon fusion.

The cross section in Eq. (2.7) includes corrections to the leading-order result valid

through O(α) in the electroweak couplings and to O(α2
s) in the QCD coupling constant in

the large top-mass limit upon inclusion of the known results for G(1,2)
ij . Since the perturba-

tive corrections to the leading-order result are large, it is important to quantify the effect

of the QCD corrections on the light-quark electroweak contributions. This would require

knowledge of the mixed O(ααs) corrections, which arise from 3-loop diagrams. In lieu of

such a calculation, the authors of Ref. [19] studied two assumptions for the effect of QCD

corrections on the 2-loop light-quark diagrams.

• Partial factorization: no QCD corrections to the light-quark electroweak diagrams

are included, so that the cross section is given by the expression in Eq. (2.7). With

this assumption, electroweak diagrams contribute only a +1 − 2% increase to the

Higgs boson production cross section.

– 4 –

Graudenz et al., PRL 70, 1372 (1993);  
Spira et al., NP B 453, 17 (1995) 

Harlander and Ozeren, JHEP 0911, 088 
(2009); Pak et al., JHEP 1002, 025 (2010)

Aglietti, et al.,PLB 595 (2004) 432-441; 
Actis et al., PLB 670 (2008) 12-17



Gluon-fusion Higgs production
➡ currently known at N3LO in QCD (in HQET) 
 

with 

➡ exact finite-mass effects of top, bottom and 
charm through NLO 

➡ 1/mt2 series corrections around the infinte-mass 
approximation at NNLO 

➡ two - loop electroweak corrections 
➡ three loop QCD - electroweak corrections (heavy 

gauge-boson limit) Anastasiou et al., JHEP 04 (2009) 003

(a) (b) (c)

Figure 2: Examples of virtual (2a,2b) and real (2c) QCD corrections to the interfer-

ence (2.5).
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The behaviour in the threshold limit, z ! 1, is in agreement with the expecta-

tions from the next-to-leading-power corrections [27–30] for colour-singlet final states

at NLO [31].

The real contributions to the cross section, ⌘hard,Rgg , can be expressed in terms of

harmonic polylogarithms [32], defined iteratively as,

H(a1, . . . , an, x) =

Z x

0

dtf(a1, t)H(a2, . . . , an, t), (2.13)

with ai 2 {0, 1,�1} and,

f(0, x) =
1

x
, f(1, x) =

1

1� x
, f(�1, x) =

1

1 + x
. (2.14)

In particular, if ai = 0 for all i 2 1, . . . , n then,

H(0n, x) =
log(x)n

n!
. (2.15)

By using the following compact notation for the harmonic polylogarithms [32],

H...,±n,...,x ⌘ H(. . . , 0, . . . , 0| {z }
(n-1)-times

,±1, . . . , x), (2.16)

– 5 –
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Gluon-fusion Higgs production

8. Recommendation for the LHC

In previous sections we have considered various e↵ects that contribute to the gluon-fusion

Higgs production cross-section at higher orders. In this section we combine all these e↵ects,

and as a result we are able to present the most precise prediction for the gluon-fusion cross-

section available to date. In particular (for the Setup 1 of Tab. 1) for a Higgs boson with

a mass mH = 125 GeV, the cross-section at the LHC with a center-of-mass energy of 13

TeV is

� = 48.58 pb+2.22 pb (+4.56%)
�3.27 pb (�6.72%) (theory)± 1.56 pb (3.20%) (PDF+↵s) . (8.1)

Equation (8.1) is one of the main results of our work. In the following, we will analyze it

in some detail.

Let us start by commenting on the central value of the prediction (8.1). Since eq. (8.1)

is the combination of all the e↵ects considered in previous sections, it is interesting to see

how the final prediction is built up from the di↵erent contributions. The breakdown of the

di↵erent e↵ects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)

+20.84 pb (+42.9%) (NLO, rEFT)

� 2.05 pb (�4.2%) ((t, b, c), exact NLO)

+ 9.56 pb (+19.7%) (NNLO, rEFT)

+ 0.34 pb (+0.2%) (NNLO, 1/mt)

+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(8.2)

where we denote by rEFT the contributions in the large-mt limit, rescaled by the ratio

RLO of the exact LO cross-section by the cross-section in the EFT (see Section 5). All the

numbers in eq. (8.2) have been obtained by setting the renormalization and factorization

scales equal to mH/2 and using the same set of parton densities at all perturbative orders.

Specifically, the first line, (LO, rEFT), is the cross-section at LO taking into account only

the top quark. The second line, (NLO, rEFT) are the NLO corrections to the LO cross-

section in the rescaled EFT, and the third line, ((t, b, c), exact NLO), is the correction

that needs to be added to the first two lines in order to obtain the exact QCD cross-section

through NLO, including the full dependence on top, bottom and charm quark masses.

The fourth and fifth lines contain the NNLO QCD corrections to the NLO cross-section

in the rescaled EFT: (NNLO, rEFT) denotes the NNLO corrections in the EFT rescaled

by RLO, and (NNLO, 1/mt) contains subleading corrections in the top mass at NNLO

computed as an expansion in 1/mt. The sixth line, (EW, QCD-EW), contains the two-

loop electroweak corrections, computed exactly, and three-loop mixed QCD-electroweak

corrections, computed in an e↵ective theory approach. The last line, (N3LO, rEFT), is

the main addition of our work and contains the N3LO corrections to the NNLO rEFT

cross-section, rescaled by RLO. Resummation e↵ects, within the resummation frameworks

studied in Section 4, contribute at the per mille level for our choice of the central scale,

µ = mH/2, and are therefore neglected.

– 38 –
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• breakdown of the cross section 
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• room for improvement!
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➡ if we manage to get under control these 
calculations, we achieve our aim of halving the 
theory error on ggH!
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• work in progress 
‣ exact three-loop amplitude 
‣ full cross section in the opposite regime of 

massless gauge bosons /results in the two 
limits within 0.6% of each other!
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• available: study of the contribution from light 
quarks at NNLO

• room for improvement!

CHAPTER 5. HEAVY QUARK EFFECTIVE THEORY

Figure 5.7: Large-mass expansion of a three loop diagram. The second contribution

gives the one-loop Wilson coefficient, plus decoupling of the top quark from the gluon

propagator.

5.3 Decoupling

In the full theory the self-energy of the light particles and their vertices receive contri-

butions also from top-quark loops. Since the top quark has been integrated out from

the effective Lagrangian (5.30), these contributions cannot be generated in the effective

theory. We account for this difference rescaling the parameters in the effective theory

by multiplicative decoupling constants ζi [111,112].

We are interested in particular in the decoupling of the strong coupling constant and

of the gluon field. The bare strong coupling in the full theory α0
s is related to the bare

strong coupling in the effective theory α
′0
s by the decoupling constant ζ0

g ,

α
′0
s = (ζ0

g )2α0
s . (5.33)

We introduce a similar definition for the decoupling constant ζg in the renormalized

theory,

α′
s = (ζg)

2αs . (5.34)

The bare decoupling coefficients ζ0
3 , ζ̃0

3 by which the bare gluon field G′0,a
µ and the bare

ghost field η′0,a are rescaled in the effective theory are defined as

G′0,a
µ =

√
ζ0
3 G0,a

µ , η′0,a =
√
ζ̃0
3 η

0,a . (5.35)

We can compute the decoupling coefficients relating Green functions in the full and

effective theory.
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+ other 500 diagrams 
+ radiation 
  / new classes of multiloop  
        integrals that depend on  
        multiple mass scales



• The calculation of the gluon-fusion Higgs 
production cross section at N3LO is a milestone 
result 
‣ phenomenological impact 
‣ completely new classes of integrals 

• still room for improvement 

➡ an additional reduction of the theory error by 
50% (“S2”) is achievable 

➡ break through the barrier of three—loop 
calculations with full mass dependance!

Outlook



Stay tuned, lots of  
new developments  

coming up!







‣ at LO
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• How good is the heavy-top approximation?

Finite mass effects 
(top quark)



‣ at NLO, “improve” the EFT result by rescaling 
it with the exact LO cross section:

Finite mass effects 
(top quark)

RLO =
�LO
exact

�LO
EFT

' 1.06

�NLO
EFT = 34.66 pb

�NLO
ex = 36.60 pb

�NLO
EFT,r = RLO ⇥ �NLO

EFT = 36.84 pb

0.65%

carefully analyse the residual uncertainty associated to all of these contributions. In this

way we obtain the most precise theoretical prediction for the Higgs production cross section

available to date.

We conclude this section by summarizing, for later convenience, the default numerical

values of the input parameters used in our numerical studies, as well as concrete choices for

PDFs and quark mass schemes. In particular, we investigate three di↵erent setups, which

are summarized in Tab. 1–3. Note that we use NNLO PDFs even when we refer to lower

order terms of the cross section, unless stated otherwise.

Table 1: Setup 1

p
S 13TeV

mh 125GeV
PDF PDF4LHC15 nnlo 100

as(mZ) 0.118
mt(mt) 162.7 (MS)

mb(4.18GeV ) 4.18 (MS)
mc(3GeV ) 0.986 (MS)

µ = µR = µF 62.5 (= mh/2)

Table 2: Setup 2

p
S 13TeV

mh 125GeV
PDF PDF4LHC15 nnlo 100

as(mZ) 0.118
mt 172.5 (OS)
mb 4.92 (OS)
mc 1.67 (OS)

µ = µR = µF 62.5 (= mh/2)

Table 3: Setup 3

p
S 13TeV

mh 125GeV
PDF ABMXXX

as(mZ) XXX
mt(mt) 163.7 (MS)

mb(10GeV ) 3.610 (MS)
mc(3GeV ) 0.986 (MS)

µ = µR = µF 62.5 (= mh/2)

3. The cross-section through N3LO in the infinite top-quark limit

3.1 The partonic cross section at N3LO in the heavy-top limit

In this section we discuss the contribution �̂ij,EFT in eq. (2.4) from the e↵ective theory

where the top quark is infinitely heavy. This contribution can be expanded into a pertur-

bative series in the strong coupling constant,

�̂ij,EFT

z
=

⇡ |C|2
8V

1X

n=0

⌘(n)ij (z) ans , (3.1)

where V ⌘ N2
c � 1 is the number of adjoint SU(Nc) colours, as ⌘ ↵s/⇡ denotes the strong

coupling constant evaluated at a scale µ and C is the Wilson coe�cient introduced in

eq. (2.5), which admits itself a perturbative expansion in the strong coupling [17, 18, 19],

C = a2s

1X

n=0

Cn a
n
s . (3.2)

Here both the coe�cients Cn and the strong coupling are functions of a common scale µ.

At LO in as only the gluon-gluon initial state contributes, and we have

⌘(0)ij (z) = �ig �jg �(1� z) . (3.3)

QCD corrections beyond LO are also known. In particular, the perturbative coe�cients

⌘(n)ij are known at NLO [] and NNLO [22, 23, 24] in QCD. Recently, also the N3LO correc-

tions ⌘(3)ij have been computed []. As these corrections are the main new addition in our

computation, we briefly review the N3LO corrections to the inclusive gluon fusion cross

section in the heavy-top limit in this section.

– 6 –



• rescale NNLO and N3LO cross sections, 
computed  in the EFT, by  

• at NNLO, include known mH/mt corrections 

Finite mass effects 
(top quark)

‣ tiny effect ➜ confirms the validity of the 
rescaled EFT

RLO

�(1/mt) ⇠ ±1%

gg ⇠ +0.8%

qg ⇠ �0.1%

Harlander, Ozeren; Pak, Rogal, Steinhauser; 
Mantler, Marzani

Harlander, Ozeren; Pak, Rogal, Steinhauser; 
Mantler, Marzani

‣ the error due to unknown top-mass effects at 
NNLO is estimated as 



• The full dependance of the Higgs production 
cross section on the quark mass is known exactly 
through NLO 

‣ include it for top, bottom and charm quarks

�NLO
EFT,r

�NLO
ex;t �NLO

ex;t+b �NLO
ex;t+b+c

�(tbc)= ±

�����
��NLO

ex;t � ��NLO
ex;t+b+c

��NLO
ex;t

����� ��
NNLO
EFT+ 1

mt

' ±0.31 pb

(±0.6%)

Spira, Djouadi, Graudenz, Zerwas ; Harlander, Kant; 
Aglietti, Bonciani, Degrassi, Vicini.  

 0.65%  5.1%  5.6% on 

‣ estimate the error from unknown light-quark 
effects at NNLO as

Full NLO mass effects 
(top, bottom, charm quark)
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Figure 2: Examples of virtual (2a,2b) and real (2c) QCD corrections to the interfer-

ence (2.5).
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The behaviour in the threshold limit, z ! 1, is in agreement with the expecta-

tions from the next-to-leading-power corrections [27–30] for colour-singlet final states

at NLO [31].

The real contributions to the cross section, ⌘hard,Rgg , can be expressed in terms of

harmonic polylogarithms [32], defined iteratively as,

H(a1, . . . , an, x) =

Z x

0

dtf(a1, t)H(a2, . . . , an, t), (2.13)

with ai 2 {0, 1,�1} and,

f(0, x) =
1

x
, f(1, x) =

1

1� x
, f(�1, x) =

1

1 + x
. (2.14)

In particular, if ai = 0 for all i 2 1, . . . , n then,

H(0n, x) =
log(x)n

n!
. (2.15)

By using the following compact notation for the harmonic polylogarithms [32],

H...,±n,...,x ⌘ H(. . . , 0, . . . , 0| {z }
(n-1)-times

,±1, . . . , x), (2.16)
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Anastasiou, Del Duca, EF, Mistleberger, Moriello, 
Schweitzer, Specchia, in preparation
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• contributions:

NLO QCD-EW corrections

Bonetti, Melnikov, Tancredi, PRD 97 (2018) 
056017



Anatomy of the N3LO 
uncertainty

• estimate of unknown higher order corrections, 
obtained by varying the factorisation and 
renormalisation scales around the central 
value (mH/2) by a factor of 2
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• error introduced computing the N3LO cross 
section using NNLO PDFs 

• estimated from the analogous relative error 
one obtains at NNLO using NLO instead of 
NNLO PDFs
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Anatomy of the N3LO 
uncertainty



• the 2016 result was computed as an expansion 
around the threshold production of an Higgs 
boson, with additional radiation being soft 

• a finite number of terms (37) was kept in this 
expansion, and an estimate on the 
convergence of the series was derived
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• the new prediction  

                        
does not rely on the threshold approximation 

• it is consistent with the previous result 

• it eliminates the “truncation error”
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• both due to the unknown exact-mass effects at 
NNLO
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• for the top quark, leading finite-mass 
corrections compute as a 1/mt expansion



Anatomy of the N3LO 
uncertainty
    PDF-TH

48.58
+0.10 
−1.15    0.56   0.18    0.49    0.40    0.49 +2.22 

−3.27 pb
+0.21 
−2.37    1.16   0.37 1    0.83 1 +4.56 

−6.72 %

�(scale) �( ) �(EW)�(trunc) �(tbc) �(1/mt)

±

±

�

± ± ± ±

± ± ± ±

��tot

<latexit sha1_base64="coCAmDIv9K3hUhvfoVb+XD93sF0=">AAAB/HicjVDLSsNAFJ34rPUV7dLNYBFclUQEXRbduKxgH9DEMplM2qGTmTBzI4RQf8WNC0Xc+iHu/Bunj4WKggcuHM65l3s4USa4Ac/7cJaWV1bX1isb1c2t7Z1dd2+/Y1SuKWtTJZTuRcQwwSVrAwfBeplmJI0E60bjy6nfvWPacCVvoMhYmJKh5AmnBKw0cGtBzAQQHBg+TMltCQomA7fuN7wZ8N+kjhZoDdz3IFY0T5kEKogxfd/LICyJBk4Fm1SD3LCM0DEZsr6lkqTMhOUs/AQfWSXGidJ2JOCZ+vWiJKkxRRrZzZTAyPz0puJvXj+H5DwsucxyYJLOHyW5wKDwtAkcc80oiMISQjW3WTEdEU0o2L6q/yuhc9LwvYZ/fVpvXizqqKADdIiOkY/OUBNdoRZqI4oK9ICe0LNz7zw6L87rfHXJWdzU0Dc4b58XG5UM</latexit><latexit sha1_base64="coCAmDIv9K3hUhvfoVb+XD93sF0=">AAAB/HicjVDLSsNAFJ34rPUV7dLNYBFclUQEXRbduKxgH9DEMplM2qGTmTBzI4RQf8WNC0Xc+iHu/Bunj4WKggcuHM65l3s4USa4Ac/7cJaWV1bX1isb1c2t7Z1dd2+/Y1SuKWtTJZTuRcQwwSVrAwfBeplmJI0E60bjy6nfvWPacCVvoMhYmJKh5AmnBKw0cGtBzAQQHBg+TMltCQomA7fuN7wZ8N+kjhZoDdz3IFY0T5kEKogxfd/LICyJBk4Fm1SD3LCM0DEZsr6lkqTMhOUs/AQfWSXGidJ2JOCZ+vWiJKkxRRrZzZTAyPz0puJvXj+H5DwsucxyYJLOHyW5wKDwtAkcc80oiMISQjW3WTEdEU0o2L6q/yuhc9LwvYZ/fVpvXizqqKADdIiOkY/OUBNdoRZqI4oK9ICe0LNz7zw6L87rfHXJWdzU0Dc4b58XG5UM</latexit><latexit sha1_base64="coCAmDIv9K3hUhvfoVb+XD93sF0=">AAAB/HicjVDLSsNAFJ34rPUV7dLNYBFclUQEXRbduKxgH9DEMplM2qGTmTBzI4RQf8WNC0Xc+iHu/Bunj4WKggcuHM65l3s4USa4Ac/7cJaWV1bX1isb1c2t7Z1dd2+/Y1SuKWtTJZTuRcQwwSVrAwfBeplmJI0E60bjy6nfvWPacCVvoMhYmJKh5AmnBKw0cGtBzAQQHBg+TMltCQomA7fuN7wZ8N+kjhZoDdz3IFY0T5kEKogxfd/LICyJBk4Fm1SD3LCM0DEZsr6lkqTMhOUs/AQfWSXGidJ2JOCZ+vWiJKkxRRrZzZTAyPz0puJvXj+H5DwsucxyYJLOHyW5wKDwtAkcc80oiMISQjW3WTEdEU0o2L6q/yuhc9LwvYZ/fVpvXizqqKADdIiOkY/OUBNdoRZqI4oK9ICe0LNz7zw6L87rfHXJWdzU0Dc4b58XG5UM</latexit><latexit sha1_base64="coCAmDIv9K3hUhvfoVb+XD93sF0=">AAAB/HicjVDLSsNAFJ34rPUV7dLNYBFclUQEXRbduKxgH9DEMplM2qGTmTBzI4RQf8WNC0Xc+iHu/Bunj4WKggcuHM65l3s4USa4Ac/7cJaWV1bX1isb1c2t7Z1dd2+/Y1SuKWtTJZTuRcQwwSVrAwfBeplmJI0E60bjy6nfvWPacCVvoMhYmJKh5AmnBKw0cGtBzAQQHBg+TMltCQomA7fuN7wZ8N+kjhZoDdz3IFY0T5kEKogxfd/LICyJBk4Fm1SD3LCM0DEZsr6lkqTMhOUs/AQfWSXGidJ2JOCZ+vWiJKkxRRrZzZTAyPz0puJvXj+H5DwsucxyYJLOHyW5wKDwtAkcc80oiMISQjW3WTEdEU0o2L6q/yuhc9LwvYZ/fVpvXizqqKADdIiOkY/OUBNdoRZqI4oK9ICe0LNz7zw6L87rfHXJWdzU0Dc4b58XG5UM</latexit>

• also light quarks, in particular the bottom, are 
important at this level of accuracy, due to the 
interference with the LO top loop
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